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Abstract 
The purpose of this thesis was to carry out the experimental study of direct ammonia 
fuel cells. The use of hydrogen in fuel cells poses a lot of problems. There is a lot of 
safety, technical and economic issues to be overcome to make its use as a fuel wide- 
spread. Ammonia is being considered as a very promising source of hydrogen for fuel 
cells. However, until now its use in fuel cells has received very little attention. 
Ammonia presents many advantages over hydrogen and other potential sources of 
hydrogen such as an easy storage and a world-wide distribution network. Ammonia is 
a suitable hydrogen carrier and can be easily cracked at high temperatures such as 
those used in solid oxide fuel cells. 
The present study was conducting using ammonia as fuel and argon as carrier gas in 
different solid oxide fuel cell systems: an annular design, a planar design and a micro 
laminated reactor. It presents an extensive study of the properties of these fuel cells 
such as the EMF, the open circuit voltage, the maximum power density and the 
polarization losses as a function of the operating conditions (temperature, ammonia 
flow rate ... ). The *electrolyte materials were calcia stabilized zirconia and yttria 
stabilized zirconia. Five different types of materials were used for the anode, 
including silver, platinum and nickel cermet and silver was employed as cathode 
material. The cell voltage was measured as function of reactor configuration, space 
time, ammonia flow rate and ammonia concentration. The results demonstrate the 
high potential of ammonia over hydrogen, as higher power densities were achieved 
with ammonia, when nickel is used as anode material. It is also proven that there is no 
NOx produced as it- was suggested in other studies. 
Solid proton conducting fuel cells operating on ammonia fuel were also studied. The 
electrolyte materials were fabricated from neodymium and gadolinium doped barium 
and strontium cerates. The dopant fraction ranged from I to 20 wt%. Silver was 
employed as cathode and anode material and was spray deposited. The application of 
proton conducting electrolytes results in higher current densities for a given voltage 
than the using typical oxide ion conductors such as 8 mol % yttria stabilized zirconia. 
The best results were obtained with a 10% doped neodymium doped barium cerate at 
800'C. 
The potential of proton conducting materials such as neodymium doped cerium 
oxides and doped strontium cerates for application in ammonia synthesis at 
atmospheric pressure was also studied. Doped cerium oxides demonstrated very 
promising results and it was showed that the rate of formation of ammonia is directly 
related to the current passing through the cell. There is no NEMCA effect enhancing 
the rate. This method could prove to be an alternative to the common ammonia 
synthesis processes. 
Keywords: Fuel cell, YSZ, Ammonia, Proton conducting, High temperature, 
Ammonia synthesis. 
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Nomenclature 
SOFC: solid oxide fuel cell 
PEMFC: proton exchange membrane fuel cell 
YSZ: yttria stabilized zirconia 
3YSZ: 3 mol% yttria stabilized zirconia 
8YSZ: 8 mol% yttria stabilized zirconia 
CaSZ: calcia stabilized zirconia 
BaCe03: barium cerate 
SrCe03: strontium cerate 
BZCI: indium and zirconium doped barium cerate 
KOH: potassium hydroxide 
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DPB: Dibutyl Phthalate 
SCY: strontia-ceria-ytterbia 
LPG: liquefied petroleum gas 
TPB: triple phase boundary 
EMF or E: electromotive force 
OCV: open circuit voltage (V) 
EDX: Energy Dispersive X-ray 
EVD: electrochemical vapour deposition 
XRD: x-ray diffraction 
SEM: scanning electron microscopy 
TC: temperature controller 
AH : enthalpy of reaction in kJ. mol-1 
AS: entropy of the reaction in J. mol". K7' 
Cp: calorific value in J. mol-1 
p: density (g. ciyi'3) 
R: resistance (ohms) 
(o: frequency (Hertz) 
Q capacitance (nF) 
L: inductance (H) 
I: current (mA or A) 
P: pressure (MPa) 
P,: critical pressure (MPa) 
R: gas constant (8.314411 J. mol-'. Ký) 
T.: critical temperature (K) 
Vj: volume (m) 
(D,: fugacity 
f: fugacity coefficient 
a: transfer factor 
F: faraday constant (96485 sA/ mol) 
Q: the molar flow of oxygen ions 
kWh: kilo watt hour 
S: Siemens 
mA: milli ampere 
atm: atmosphere 
fl: ohm 
W: watt 
M kilo watt 
MW: mega watt 
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Introduction 
New requirements for low emissions and a pressing need to be less dependent on foreign oil 
have favoured the search for alternative technologies and alternative fuels. The world is 
facing several crisis, such as the environmental degradation due to the increase of emissions, 
and an international oil crisis leading to a rise in oil prices. Energy consumption is expected to 
triple by 2050 due to the increasing population as well as the growing demand of the 
developing countries. The direct consequence is the augmentation of carbon emissions 
especially in the developing countries where the environmental policy is not as strict as in 
Europe or in the United States. 
Solutions must offer sustainable development, high energy efficiency, easy management (start 
up and shut down) and low emissions. Several options are being considered: hydrogen, wave 
power, solar, wind, fuel cells and biomass. Currently fuel cells appear to be the best 
compromise. 
Fuel cells are a radically new and fundamentally different way of making electrical power. 
Fuel cells are energy conversion devices with high efficiency and low emissions. Therefore, 
there is a great interest in the development of fuel cells for commercialisation. They have the 
potential for many applications such as generating electricity (used for laptops, mobile phones 
and cars) and heat in industry and for providing auxiliary power in cars. There are many fuel 
cells and a quick survey shows the existence of ten different types. However, these 
technologies are all based on the same principle: a fuel cell has two electrodes, one positive 
and one negative, called the anode and the cathode. Electrochemical reactions take place at 
the electrodes to produce an electric current of small voltage. Typical reactants used for these 
reactions are hydrogen fuel and oxygen (usually from the air), resulting in the production of 
heat, electricity and water. Practical fuel cells are not operated as single units; they are 
connected in electrical series to build voltage. A series of cells is referred to as a stack. A 
component, variously called a bipolar separator or an interconnect, connects the anode of one 
cell to the cathode of the next cell in a stack. Fuel cell stacks can be configured in series, 
parallel, both series and parallel, or as single units, depending on the application. 
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The fuel cell was invented in 1839 by Sir William Grove a professor of experimental 
technology at the Royal Institution in London 111. He realized that it was possible to generate 
electricity by reversing the electrolysis of water. The principle that he discovered remains 
unchanged today. "A fuel cell is an electrochemical device that continuously converts 
chemical energy into electric energy (and some heat) for as long as fuel and oxidant are 
supplied' [2]. His fuel cell used dilute sulphuric acid as the electrolyte and operated at room 
temperature. In 1899, Nernst discovered the solid oxide electrolyte, stabilized zirconia, in 
making filaments for electronic glowers. Since then, fuel cells have been widely studied and 
developed as they exhibit numerous advantages over other sources of power. 
A fuel cell is an electrochemical energy conversion device 13]. It combines hydrogen fuel and 
oxygen (usually from the air) to produce electricity, heat and water. A large range of fuels can 
be used as a source of hydrogen: hydrocarbons, ethanol and methanol. Their principle is 
similar to those of batteries but unlike batteries, fuel cells do not run down or need to be 
recharged. As long as fuel and oxidant are supplied it will continue to operate. The electricity 
that is being produced can be used to power different kinds of electrical devices such as 
laptops, mobile phones and cars [4]. The heat that is generated during the reaction can also be 
used effectively for the generation of additional electricity. One of the interesting features of a 
cell is that it operates at a near constant efficiency, no matter how big the fuel cell is. 
Therefore small fuel cells operate nearly as efficiently as large ones. Consequently, fuel cell 
power plants have the ability to produce a scale of power ranging from watts to megawatts. 
There are several types of fuel cell but they are all based on the same principle 141. One of the 
characteristics of the fuel cell is its electrolyte, it allows the electrically charged molecules to 
pass from one electrode to the other and stops other substances from disrupting the reaction 
and therefore the electrolyte plays a key role. Fuel cells are generally classified by the type of 
electrolyte they use. 
Among all these different types of fuel cells, two are receiving most of the attention: PEMFC 
(Proton Exchange Membrane Fuel Cell) and SOFC (Solid Oxide Fuel Cell). PEMFCs are 
applicable in transportation systems and SOFCs are a very attractive technology as they 
exhibit high cfficiencies. A lot of attention is being given to SOFCs as they have the highest 
potential for development. In addition to their high efficiencies, their operating temperatures 
allow the use of alternative sources of hydrogen. Indeed, hydrogen as a fuel presents several 
problems, safe handling being one of the most important. Therefore, the study of hydrogen 
sources for SOFCs is a major concern. Among the different options ammonia has been 
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considered as a promising source of hydrogen. It exhibits several advantages over hydrogen. 
Table I gives a comparison of several fuels that have been studied to replace pure hydrogen 
as well as ammonia. 
Hydrogen source Power density 
(kWhr/I of fuel) 
Hz production Emissions 
Hydrogen (1) 0.28 1120 
Propane (1) 1.15 Steam reforming Cog C02,1120 
Methanol (1) 1.15 Steam reforming cog 1120 
Solid Biomass 0.5 Several Processes C09 C029 1120 
Ammonia (1) 1.45 Cracking N29,1120 
Table 1: Fuel options for high temperature fuel cells 
As shown in table 1, ammonia exhibits the highest power release per litre of fuel. It is a 
suitable hydrogen carrier. Its decomposition occurs at the operating temperatures of solid 
oxide fuel cells (500T - 1000T) according to the following equation 151: 
NH3 -> 
I 
N2 +3H22 AH = 46.22 kJ. mol-1 (1) 22 
Ammonia's good thermodynamic properties and low production costs make it a very 
attractive fuel for fuel cell applications despite its smell and corrosive properties. The overall 
efficiency of the production process is around 60%. 
Fuel 
Properties 
Hydrogen 112 Ammonia N113 
Boiling point -253 
*C16j -33 
c)C[61 
Flammability (in air) 4%-75 %E71 15%-30%181 
Vapour pressure at 20 OC - 8.6 bar181 
Relative density liquid (water 1) 0.07 g/117J 0.7 g/1181 
Production/year 50 millions tones['OJ 130 millions tonesI101 
Distribution Non existentI101 Global network193 
Hazard Handling: high pressures, 
leaks (self ignition)[7j 
Harmful: corrosive 
(eyes, skin, resNiratory 
system) 
Table 2: Properties of hydrogen and ammonia 
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Table 2 gives a comparison between the properties of ammonia and hydrogen. It is produced 
and distributed world-wide, ammonia production prices have fluctuated over the past several 
years. In 2002, ammonia prices were around US$ 250 per ton while current prices are 
approximately US$350 to 375 per ton 1111, while the current prices for hydrogen range from 
US$ 800 to 3,400 per ton [121. The production price of ammonia equates to roughly US$ 1.2 
per kWh, for comparison methanol costs US$ 3.8 per kWh and hydrogen US$ 25.4 per kWh 
[13]. 
In terms of safety, ammonia poses a low risk of ignition in the presence of sparks or open 
flames. A flammability limit is given but ammonia is considered to be a non-flammable gas 
18]. There is a health issue as ammonia is harmful. The caustic nature of ammonia is the main 
source of concern. As a gas, it is particularly harmful to the respiratory system. Exposure to 
high concentrations of ammonia may cause severe bodily bums or injuries. In extreme cases, 
exposure to high concentration levels may also cause blindness, lung damage, heart attack, or 
death. However, its specific smell makes it very easy to detect in cases of leaks and therefore 
prevention measures can be taken very rapidly. Safety consideration must be taken into 
account when designing a fuel cell using ammonia as source fuel. Furthermore, a recent study 
[14] has demonstrated the ease of storing ammonia in metal amine tablets, making it even 
safer to transport ammonia. 
The basic configuration for a solid oxide fuel cell is as follows in figure 1: 
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Cathode Anode 
Air 
C 
FLICI 
Solid oxide 
electrolyte 
Figure 1: Fuel cell schematic 
Figure I presents the most important parts of the fuel cell i. e., the cathode, the anode and the 
electrolyte. Each of these components plays a very important role in the performance of the 
cell. Therefore, it is essential to find the best design in order to achieve maximum power 
output. Indeed, the anode material and its structure influence the fuel decomposition as the 
anode acts as a catalyser. The cathode provides the oxygen ions necessary for hydrogen 
decomposition and the electrolyte must be non porous and ensure good ionic conductivity to 
optimise the performance. As far as the electrode materials are concerned, their choice is 
highly dependent on the nature of the fuel, the operating conditions and the cost. However, 
the electrolyte material consists of a non porous metal oxide, yttria or calcia stabilised 
zirconia (YSZ and CaSZ), which are the state-of-art. These ceramics are oxide ion conductors 
based on zirconia, Zr02 in the cubic fluorite structure. The addition of CaO and Y203 
stabilizes the fluorite structure of zirconia and results in the presence of a significant number 
of oxygen vacancies in the lattice. These oxygen vacancies are responsible Ior the 02- 
conductivity, and at the operating temperatures of solid oxide fuel cells (600'C - 1000'C), the 
oxygen ions are able to move from one lattice to another. These materials are readily available 
from the commercial market making them very attractive for use in this project. 
Alongside oxide ion conductors, high temperature proton conductor membranes have been the 
subject of significant attention. These materials are perovskite-type oxide, often barium cerate 
based (BaCe03) or strontium cerates based (SrCe03) ceramics. These ceramics can have 
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different functions, the main ones being gas sensors, proton pumps using perovskite-type 
oxide and also intermediate temperature fuel cells. The proton conductivity of these ceramics 
attains values over 10-3 S cm-1 at temperatures higherthan 400-500 'C [15,161. 
There is much of potential for these proton conducting materials, not only as electrolyte 
membranes for fuel cells but also for ammonia synthesis 117-19]. Indeed, if used as a 
hydrogen pump, proton conducting ceramics can be a very interesting option for the 
production of ammonia at atmospheric pressure, avoiding the high pressures required by the 
Haber-Bosch process. The system used in this case is similar to a fuel cell but instead of 
pulling the current out of the cell, a potential difference is applied on the electrodes. This 
allows the transport of the proton through the electrolyte membrane. 
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Objectives and Aims 
The main objective of this research project was to investigate the characteristics of an 
ammonia fuel cell, i. e. the performance of a single fuel cell using ammonia as a source fuel 
instead of pure hydrogen or fossil fuels such as methane and demonstrate the advantages of 
using ammonia. The system will consist of an electrochemical cell composed of an oxygen 
ion conducting or proton conducting solid electrolyte and a catalyst used as a working 
electrode deposited on the electrolyte material. Further testing will involve a proton 
conducting ceramic electrolyte based on a barium cerate, in order to investigate the potential 
of such materials for future use in fuel cells. 
The performance of a cell will be studied using both hydrogen and ammonia to evaluate its 
potential for eventual commercialisation. This involves the study of the voltage-current 
density relationship and the determination of a model describing the different phenomena 
occurring in the cell. Two systems will be studied, an annular design and a pellet design. 
One of the first steps will be to determine the best electrode material for the decomposition of 
ammonia in a fuel cell using noble metals as well as a state-of-the-art nickel cermet. This will 
include the characterization of the anode and cathode phenomena and the properties of the 
electrolyte material. The results obtained with the voltage current study will also allow the 
deten-nination of the power density of the cell and its potential to be used in different 
applications. Results obtained will be compared to existing data demonstrating the better 
performance of our system. 
Along with the electrode material, the electrolyte is another determining part of the fuel cell. 
Common oxide ion conductors such as calcia stabilized zirconia and yttria stabilized zirconia 
will be tested and also promising proton conductors electrolytes. The electrolyte ceramics 
used for the experiments will be either bought ready made or prepared. 
The possibility of using a new design for the reactor will also be examined. This would give 
an alternative to the common designs (tubular and planar) and the opportunity of creating a 
micro reactor usable in portable applications. 
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The second objective of this research is to prepare flexible yttria stabilized zirconia green 
sheets using the tape casting method. This technique presents the advantages of being 
economical, environmentally friendly as well as offering the possibility for producing thin 
membranes. 
The final objective of this research is the synthesis of ammonia at atmospheric pressure. 
Ammonia is not naturally produced in sufficient quantities to supply industry. Several 
methods such as the KAAP process and the Haber-Bosch process have been used to 
synthesize ammonia, but industrially, high pressures are still required given the 
thermodynamics of the reaction. Proton conducting electrolytes offer the possibility of having 
high conversion rates at atmospheric pressure. The potential of novel proton conductors 
materials will be evaluated and compared to the existing data. 
The results and their analysis will be presented in a series of chapters starting with a detailed 
background study on fuel cells and more particularly solid oxide fuel cells, ammonia 
properties and production and finally the preparation of yttria stabilized zirconia sheets. 
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Chapter 1: Literature Review 
1. Literature review 
1.1 Introduction 
This chapter is divided into four main sections. Initially, the different types of fuel cells are 
examined to give a better understanding of the electrolyte material which can be used and the 
reactions involved. Secondly, a review of the fuels for potential use in solid oxide fuel cells is 
given. Thirdly ammonia and its properties are described and analysed to demonstrate its high 
potential as source fuel for fuel cells. Finally the preparation of ceramics is looked at as it 
offers an economical alternative to buying the ready made electrolyte tapes from companies. 
The first section of this chapter looks at the ten types of fuel cells which have been developed 
and studied. It provides a brief description of the reactions and types of electrolytes that are 
currently used in fuel cells. It also gives a more precise description of the characteristics of 
solid oxide fuel cells i. e. the state of art electrode and electrolyte materials. 
The second section of this chapter looks at the fuels that have been considered as options to 
replace hydrogen. It compares the advantages and disadvantages in terms of emissions and 
ease of production of hydrogen from the source fuel. 
The third section of this chapter addresses the reasons for the choice of ammonia as an 
alternative to hydrogen. It presents an extensive review of the chemical properties of 
ammonia and its economical advantages over other fuels. The synthesis process of ammonia 
is also looked at, as one of the current challenges is to reduce the operating pressures and 
bring them down to atmospheric pressure. 
The last section of this chapter gives a description of the methods used for the production of 
ceramics electrolytes. It focuses on the tape casting process, as it offers an economical 
alternative; a brief description of the main parameters and stages involved in the preparation 
of ceramic green sheets is presented. 
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1.2 Fuel Cells characteristics 
1.2.1 Different types of fuel cells 
The high potential of fuel cells has made them a very attractive source of power. They have 
been developed in many different ways. Currently, it is possible to distinguish nine different 
types of fuel cells with five main ones. 
1.2.1.1 Alkaline Fuel Cell (AFC) 
This fuel cell using hydrogen as a fuel is the simplest low-temperature fuel cell in concept and 
operation. As its name indicates these fuel cells use an alkaline electrolyte such as potassium 
hydroxide [351. This is advantageous because the cathode reaction is faster in the alkaline 
electrolyte, which means higher performance. The operating temperature determines the 
concentration of the KOH; therefore, at high temperatures concentrated KOH is used whilst at 
low temperature less concentrated KOH is used. The electrolyte is retained in a matrix of 
asbestos or other metal oxide and a wide range of electro-catalysts can be used such as Ni, Ag 
and noble metals. The primary problems associated with the alkaline fuel cell are multiple. 
Operation in air is problematic due to the presence Of C02 which is absorbed into the alkaline 
electrolyte causing the formation of insoluble salts that can deposit on the cathode. Another 
issue is the poisoning of the electrodes, especially the anode which can be poisoned by traces 
of CO or sulphur-containing compounds present in the source fuel. The last problem is the 
removal of the produced water as it dilutes the KOH and therefore decreases the performance 
of the cell. However, they were successfully used by NASA on space missions like Apollo 
and the space Shuttle [1]. Until recently they were too costly for commercial applications, but 
several companies are examining ways to reduce costs and improve operating flexibility. 
They typically have a cell output from 300 watts to 5M 
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1.2.1.2 Proton Exchange Membrane Fuel Cell (PEMFC) 
These fuel cells have a polymeric membrane as electrolyte, and platinum catalysed electrodes 
are used. The proton exchange membrane is a thin plastic film that allows hydrogen protons 
to pass through it. It is coated on both sides with highly dispersed metal alloy particles. These 
cells operate at relatively low temperatures 50 to 80 'C and have the possibility of modifying 
their output to meet the demand. They present the advantage of being solid and therefore not 
having limited corrosion problems. The disadvantage of these fuel cells is that they are very 
sensitive to fuel impurities. Efficiencies reached by these cells is around 40-50 percent based 
on the higher heating value of the fuel. Cell outputs generally range from 50 to 250 kW [1]. 
PEMFC are suitable for car and mass transportation. 
1.2.1.3 Proton Ceramic Fuel Cell (PCFC) 
This new type of fuel cell is based on a ceramic electrolyte material that shows a high proton 
conductivity at high temperatures. Tests have been carried out since the discovery by Iwahara 
in the 80's of proton conduction in barium cerate and strontium cerate based ceramics 1771. 
These fuel cells have both the advantages of high temperature fuel cells and low temperature 
ones. They have thermal and kinetic benefit of the first ones and the benefits of proton 
conduction. Furthermore they have a solid electrolyte therefore it cannot dry out or liquid 
cannot leak out. Experiments have been successfully conducted using different doped-cerates. 
1.2.1.4 Direct methanol fuel cells (DMFQ 
These fuel cells are similar to the PEMFC in that they use a polymer membrane as electrolyte 
[2]. The use of a catalyst on the anode makes it possible not to need a fuel reformer. 
Hydrogen is directly taken from the liquid methanol and therefore pure methanol can be the 
fuel. DMFCs have been considered for use in transportation applications due to low system 
complexity. 
CH30H(aq)+H20Q) 
--+ C02(g) + 6H(+q)+ 6e- at the anode 
6H (",, q) +6e- +3 
02(g) -> 3H20(, ) at the cathode 2 
The basic problems associated with the direct methanol fuel cell are the anode reactions 
which has poor electrode kinetics, particularly at lower temperatures, the cathode reaction, the 
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reduction of oxygen is also slow though the problems are not as important as with aqueous 
mineral acid electrolytes but the main problem is the permeability of the current 
perfluorosulfonic acid membranes to methanol causing fuel crossover. 
1.2.1.5 Molten Carbonate Fuel Cells (MCFC) 
The basic principle of operation of molten carbonate fuel cells is 111: 
- at the cathode, made from porous lithiated NiO, the reaction is 
1 
02 + C02 + 2e- -4 C03- 2 
- at the anode, made from a porous Ni/10 wt% Cr alloy (the Cr preventing sintering), the 
reaction is: 
I+ rn2- 12 
3 --)ýH20 + 
C02 + 2e- 
The electrolyte is usually a combination of alkali carbonates retained in a ceramic matrix. 
They generally operate at 600-700 *C, and produce steam that can be used to generate more 
power. These high temperatures are needed to obtain sufficient electrolyte conductivity. The 
advantages of a high operating temperature are that no noble catalyst is required and it allows 
a lot more fuels to be used as a source of hydrogen. These fuel cells are best suited for large 
stationary power generators. They can reach 60 percent efficiency (based on the Higher 
Heating Value of the fuel) and even 80 percent if the waste heat is utilized. 10 kW to 2 MW 
MCFCs have been tested on a variety of fuels and are primarily targeted to electric utility 
applications. However, this technology is not receiving a lot of attention anymore due to poor 
conductivities of the materials used 17]. 
1.2.1.6 Phosphoric Acid Fuel Cells (PAFC) 
Concentrated phosphoric acid is used for the electrolyte; it operates at 150 *C to 220 'C 11]. 
At lower temperatures phosphoric acid is only slightly dissociated and is a poor ionic 
conductor even in concentrated solution, furthermore oxygen reduction at low temperatures 
on platinum shows very poor kinetics due to the strong competitive adsorption of phosphate 
ions. A typical PAFC consists of an anode and a cathode made of finely dispersed platinum 
on carbon and a silicon carbide structure. Their disadvantages are mainly the use of expensive 
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platinum catalyst, low current and power generated compared to other types of fuel cells. 
However, it is the most commercially developed type of fuel cell as it has several advantages. 
It tolerates C02 and moderate CO concentrations, they have low vapour pressure, high 
oxygen solubility and low corrosion rate. The development of the phosphoric acid fuel cell 
has taken two directions with the development of large stationary units (I I MW in Japan) and 
smaller units (200 kW in Europe) to study the operation of these systems [1]. 
1.2.1.7 Metal Air Fuel Cells (MAFC) 
These fuel cells are more like batteries, as they use a metal and oxygen to produce electricity. 
However, they are rechargeable [139]. The metal fuel acts as a fuel, anode and current 
collector. The electrolyte used is typically potassium hydroxide (KOH). Fuel can be loaded 
continuously in pellet form or intermittently in preformed porous blocks. Metals used are 
lithium, aluminium, magnesium, calcium, zinc and iron. Zinc and aluminium are the 
favoured metals due to their availability and easy use. The technology is less developed than 
other fuel cell technologies and less well known. The reason for this could be due to the fact 
that hydrogen-air alkali fuel cells do not receive anymore interest, which is perhaps why those 
with an interest in them define them by fuel type rather than by electrolyte. 
1.2.1.8 Regenerative Fuel Cells (RFC) 
The interesting point about these fuel cells is that they can be reversed. They have the ability 
to produce electricity from hydrogen and oxygen using a solar powered electrolyser but also 
to produce hydrogen and oxygen from electricity, as well as to store energy or electricity 
[1401. These types of fuel cells are currently being researched by NASA and others 
worldwide. 
1.2.1.9 Solid Oxide Fuel Cell (SOFC) 
There is no liquid electrolyte present in these fuel cells 1791. The three-phase interface that is 
necessary for efficient electrochemical reaction involves two solid phases and a gas phase. 
They use a solid ceramic electrolyte such as zirconium oxide stabilised with yttrium, oxide and 
operate at 800'C to 1000"C. The major problems involved with these fuel cells are the 
enhanced corrosion and the breakdown of components in the cell due to the high temperatures 
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181. They can reach efficiencies of around 50 percent. They are expected to be used for 
generating electricity and heat in industry and potentially for providing auxiliary power in 
cars. Demonstrations of tubular SOFC technology have produced as much as 220 M Japan 
has two 25 kW units online and a 100 kW plant is being tested in Europe. 
1.2.1.10 Carbon Air fuel cells 
The electrochemical process converts carbon particles, obtained from different fossil fuels, 
directly into electricity without the need for such traditional equipment as steam-reforming 
reactors, boilers, and turbines. Instead of using gaseous fuels, as is typically done, the new 
technology uses aggregates of extremely fine (10- to 1,000-nanometer-diameter) carbon 
particles distributed in a mixture of molten lithium, sodium, or potassium carbonate at a 
temperature of 750 to 850'C. The overall cell reaction is carbon and oxygen (from ambient 
air) forming carbon dioxide and electricity. The reaction yields 80 percent of the carbon- 
oxygen combustion energy as electricity. It provides up to I kilowatt of power per square 
meter of cell surface area, a rate sufficiently high for practical applications. Yet no burning of 
the carbon takes place [147]. 
1.2.2 History of the SOFC 
Baur and Preis developed the solid oxide fuel cell in the search for a more practical electrolyte 
than molten electrolytes. They first used a compound developed by Nernst in 1899. In 1962, a 
similar type of electrolyte was used by Weissbart and Ruka at the Westinghouse Electric 
Corporation [461. 
Nernst had investigated solid conductors at high temperatures for use as lamps. The use of 
metals was put aside as the resistance increases with the temperature, and the filament could 
not reach the temperatures necessary to emit radiation in the visible spectrum. He soon 
realised that melted salts behaved the opposite way, and have a higher conductivity at high 
temperatures. 
In 1937, Baur and Preis first investigated the possible materials for solid electrolytes and a 
design of a cell [46]. They operated the first tubular solid oxide fuel cell at I OOOC. They first 
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tested ceramic materials made out of brickyard clay and two types of unglazed porcelain, but 
all these material were found to be inadequate due to their very high resistances. They carried 
on their tests, using crucibles from Degussa and different materials: zirconia, a mixture of 
90% Zr02 + 10% MgO, Ce02 + 50% clay, a compound with good conductivity called 
'electron-mass' and the 'Nernst-Mass' (85% Zr02 + 15% Y203). The best results were 
obtained with the Nernst-Mass. By testing different mixtures they realised that it was possible 
to develop practical electrolytes for power production. 
In 1962, Weissbart and Ruka 146] at the Westinghouse Electric Corporation built a cell using 
85% Zr02 and 15 % CaO as the electrolyte and porous platinum as the electrodes. Pure 
oxygen at ambient temperature flowed over the cathode and either hydrogen or methane 
flowed over the anode after first flowing through a water bubbler. The effect of water content 
in the hydrogen gas on the open circuit voltage was found to be near the theoretical 
performance at 1015"C. 
The cell was tested at temperatures from 800 "C to 11 OO'C to generate current-voltage curves, 
an example of the performance at 0.7 V is a current density of 10 mA/cm 2 at 8100C and 76 
mA/cM2 at 1094*C with pure oxygen and hydrogen (with 3 mol% H20) at pressures slightly 
above ambient (760 mm H20 gauge). 
Other tests were done to determine the resistance characteristics with different water content 
in hydrogen, showing that the increased water content had no effect on the resistance 1461. 
1.2.3 High temperature fuel cells in more detail 
1.2.3.1 Oxide ion conducting electrolytes 
For a large part of the century, ceramics have been used for their insulating or dielectric 
properties. However, it has been now realised that they exhibit very interesting electrical 
properties. Electrical conduction in ceramics is by two mechanisms electronic and ionic. in 
electronic conductors the majority charge carriers are electrons or holes. 
The following definition can be given for such materials: 
"One whose water solution is a good conductor of electric current; or if the compound is 
insoluble in water, if in a fused (melted) form conducts electric current. "1651 
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Faraday was the first to report electrical conductivity in solid electrolytes in 1834 1641. Ile 
carried out an experiment heating PbF2 up to 500 'C and noticed that it was conducting 
electricity. The explanation of this phenomenon was given a long time later, when it was 
discovered that PbF2 is aF ion conductor. 
SOFCs operate at high temperatures and employ ceramics as functional elements of the cell. 
Each cell is composed of an anode and a cathode separated by a solid impermeable clectrolyte 
as shown on Figure 1.2, which during operation conducts oxygen ions from the cathode to the 
anode, where they react chemically with the fuel to produce water. 
Air 
Cathode 
Electrolyte 
Anode 
H2 1121 H20 
Figure 1.2: Solid oxide fuel cell scheme 
External 
electric 
circuit 
The most advanced SOFCs are those based on oxygen ion conducting stabilized zirconia 
electrolyte. The solid oxide electrolyte must be free of porosity that permits gas to permeate 
from one side of the electrolyte layer to the other one, and it should minimize ohmic loss. 
Furthermore, the electrolyte must have good ion conducting characteristics, which means a 
transport number for 02- as close to one as possible. It must also exhibit low electronic 
conductivity i. e. a transport number for electronic condition of as close to zero as possible. 
Zirconia-based electrolytes are suitable for SOFCs as they have pure anionic conductivity 
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over a wide range Of 02 partial pressures (I to 10-20 atm) at high temperature and low 
electronic conductivity [1411. 
The electric charge induced by the passage of the ions may then be collected and conducted 
away from the cell. Each cell generates a limited voltage but just as with the cells of a battery 
series of connected stacks may be constructed to increase the voltage and hence the useful 
power that can be supplied. In order to do this, each individual cell is connected electrically 
via an interconnect to its neighbour. In some designs the interconnect is also used to isolate 
the fuel and air supplies for each cell. 
Due to the specificity of the SOFCs, the components constituting the cell must meet special 
requirements such as proper conductivity, similar thermal expansion, chemical compatibility 
with the other components and high strength and toughness properties. Today, several 
ceramic materials are used in SOFC technology. 
The electrolyte usually consists of non-porous metal oxide. The state-of-the art is yttria 
stabilised zirconia (Y203 stabilised Zr02)- Zr02, in its pure form does not serve as a good 
electrolyte, primarily because its ionic conductivity is too low. At room temperature, Zr02 has 
monoclinic crystal structure. The monoclinic structure changes to a tetragonal form above 
1170'C and to a cubic fluorite structure above 2370'C. The tetragonal-monoclinic 
transformation is associated with a large volume change. The cubic phase exists up to the 
melting point of 2680'C. However, the addition of certain aliovalent oxides stabilizes the 
cubic fluorite structure of Zr02 from room temperature to its melting point and, at the same 
time, increases its oxygen vacancy concentration. This enhances the ionic conductivity and 
leads to an extended oxygen partial pressure range of ionic conduction, making stabilized 
zirconia suitable for use as an electrolyte in SOFCs. The most commonly used stabilizing 
oxides or dopants are CaO, M90, Y203) SC203 and certain rare-earth oxides. These oxides 
exhibit a relatively high solubility in Zr02 and are able to form the fluorite structure with 
Zr02 which is stable over wide ranges of composition and temperature. Among the various 
stabilized-zirconias, calcia- and yttria-stabilized zirconias are commercially the most 
exploited materials. 191 
Stabilization of Zr02 is achieved by direct substitution of divalent or trivalent cations of 
appropriate size for the host lattice cation Zr4+. This creates a lot of oxygen vacancies by 
charge compensation according to the following equation: 
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Y2 03 z'01 4 2Y, + Vý + 300' in this case yttria is the stabilizer. 
A minimum concentration of aliovalent cations must be present to stabilize the fluorite 
structure in the zirconia solid-solutions. In general, the maximum conductivity in stabilized 
zirconia systems occurs near the lower limit of the single phase fluorite region. The high 
oxygen vacancy concentration gives high oxygen-ion mobility. Oxygen ion conduction takes 
place in stabilized Zr02 by movement of oxygen ions via vacancies. 
Fully stabilized Zr02 is commonly the material preferred as it exhibits the highest 
conductivity and it also avoids the problems of phase transformation associated with partially 
stabilized materials during cell operation. Table 1.1 shows the conductivity data for stabilized 
Zr02 doped with rare earth oxides. It is shown that yttria does not offer the highest 
conductivity but due to its availability and its cost, it is the best option for electrolyte material. 
Dopant 
(M203) 
Composition 
(MOI% M203) 
Conductivity (100011C) 
(x 10-2 fl". cm, l) 
Activation Energy 
(kJ/mol) 
Y203 8 10.0 96 
Nd203 15 1.4 104 
SM203 10 5.8 92 
Yb203 10 11.0 82 
SC203 
10 
25.0 62 
Table 1.1: Conductivity of zirconia stabilized ceramics for different dopants III 
They have many benefits such as long-term stability, purely oxygen ionic conduction and 
compatibility with the operating conditions. The only drawback with these electrolytes is the 
high resistivities at low temperatures but they decrease with the increasing temperature as 
shown in table 1.2. Solutions to this problem would be thinner electrolytes or new materials. 
Efforts are being made to develop new electrolyte materials, but they all show disadvantages 
compared to YSZ, and it will require some time before they can show the same level of 
performances. Progress has already been made by reducing the thickness of the electrolyte 
from several hundred microns to a few microns, with submicron electrolytes under 
development. 
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Temperature (IC) Resistivity (ohm-cm) 
600 *C 120 
700 IC 30 
800 IC 20 
900 OC 10 
1000 OC 5 
Table 1.2: Resistivity of 8% YSZ 1591 
The two main dopants used for the stabilization of zirconia are calcia and yttria however a 
recent study by Mizutani et al. 11421 have shown the high potential of scandia stabilized 
zirconia with the realisation of aI kW solid oxide fuel cell system. The properties of both 
materials have been compared in several studies. Over a wide range of temperatures, the 
conductivity of CaSZ, is always lower than that of YSZ. In general, comparisons between (Yesz 
and ay, z were conducted 
between two compositions (Zr02-12 mol% CaO and Zr02-8 mol% 
Y203) which are the most conductive compositions in Zr02-CaO and Zr02-Y2O3 Systems, 
respectively. The ionic conductivities of these two materials are given in table 1.3. 
Solid electrolyte Ionic conductivity *10 -4 fl'lcm'l at 40011C 
Zr02 (8 MOM Y203) 1.8 
ZrOz (12 mol% CaO) 0.072 f 
Table 1.3: Ionic conductivity of electrolyte materials 112] 
At low temperatures the relatively stronger interactions between V. " and Cazr make the 
conductivity of CaSZ lower than that of YSZ. At higher temperature, associated defects 
dissociate gradually as temperature increases. In this case, the relatively higher charge carrier 
concentration in CaSZ would make the conductivity of CaSZ increase with the temperature 
faster than that of YSZ. However, in the range of temperatures commonly used for fuel cell 
application, this phenomenon is not significant enough and the conductivity of CaSZ is lower 
than the conductivity of YSZ. 
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1.2.3.2 Proton conducting electrolytes 
The electrolyte materials described in the previous section are based oil oxide ion conduction, 
another option for electrolyte material is proton conducting membranes. These have the 
advantage of relying on conduction of protons through the electrolyte and therefore avoid the 
fuel dilution at the anode as the water is produced at the cathode. 
One of the most developed type of fuel cell based on this technology are PEMFCs, which 
have been described in a previous section. Fuel cells based on proton conduction have a major 
benefit over the common oxide ion fuel cell type. Protons skip from site to site in the solid 
structure forming hydroxyls as they go. Finally the protons react with oxygen forming water 
at the cathode. A descriptive scheme is given in figure 1.3. One of the main advantages is 
therefore that there is no fuel dilution due to water formation, as in this case the water is 
formed on the cathode side. 
Air H20 
Cathode 
Electrolyte 
knode 
Figure 1.3: Proton conducting electrolyte mechanism 
Various types of protonic conductors have received a lot of interest in the scientific 
community because of their potential applications in various electrochemical devices. Proton 
conduction in doped perovskite type ceramic materials was discovered in the early eighties by 
lwahara et al. 1631. They found that SrCe03-based oxides exhibit protonic conduction in 
hydrogen containing gases at high temperatures. Later, BaCe03 and SrZr03 were also found 
to show proton conduction. A thermodynamic analysis 1221 has demonstrated the high 
potcritial of solid oxide fuel cell based on a proton conductor. Barium cerate is a naturally 
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proton conducting material but studies have demonstrated that the presence of dopants in the 
structure enhances the proton conductivity and therefore makes these materials more 
attractive for use in fuel cells or other applications needing high proton conduction. The 
incorporation of dopants is crucial for the creation of oxygen vacancies and dissolution of 
water and protons. The most common dopants used are trivalent cations. It has been suggested 
that the dopants substitute for the cerium ion. The introduction of these dopants will therefore 
result in a proton uptake due to the increase in the concentration of oxygen vacancies. The 
general formula of these materials is ABI-,, Cxo3-xl2 [1241, with Aa divalent earth alkaline 
element like Ba or Sr, Ba tetravalent element like Ti, Zr or Ce and C the trivalent dopant 
element like Y, Yb or Gd [124]. If B-atoms are partially replaced by trivalent cations, charge 
neutrality is commonly established by the formation of oxygen vacancies. These materials can 
dissolve water vapour at elevated temperatures according to the defect reaction: 
(H x ++ 2(OH)*o [641 
A 
20)g 
+U+ 00 
These oxides exhibit p-type conduction in an atmosphere free of hydrogen or water vapour at 
elevated temperatures. However, when water vapour or hydrogen is introduced into the 
atmosphere surrounding the specimen at high temperature, electronic conductivity decreases 
and protonic conduction appears. When exposing the ceramics to hydrogen gas at elevated 
temperatures they become almost pure protonic conductors. The conductivity is comprised 
between 10-2 and 10-3 S. CM-I [125]. 
Some doped zirconates based on CaZr03, SrZr03 or BaZr03 were also found to show the 
same behaviour as the cerates, although the conductivities obtained were about one order of 
magnitude lower than those of the cerates [125]. Other more complex perovskites based on 
Ba3(CaNb2)09 or Sr2(ScNb)06 were found to show protonic conductivity as high as that of 
BaCe03-based ceramics. Recently, a study conducted by Shimada et aL 1100] demonstrated 
the potential of barium zirconates with a cerate phase (BZCI), doped with indimium. These 
materials present a greater stability towards moisture and an improved proton conductivity but 
do not reach the level of strontium and barium cerates. Doped lanthanum such as La2M207 
with M=Ce or Zr, have also shown good proton conductivity [1361 and have been employed 
for the synthesis of ammonia at atmospheric pressure. 
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Among the oxides, BaCe03-based and SrCe03-based ceramics present the highest 
conductivity. It is well known that rare earth doped SrCe03 and BaCe03 exhibit good 
protonic conductivities at moderate temperatures. Of these two families of compounds the 
barium cerates have received the most attention. Several dopants have shown interesting 
results in terms of proton conductivity. Taniguchi et al [1321 showed that 20% Gd-doped 
BaCe03 has a high proton conductivity for temperatures below 600 'C. Nd203 has been found 
to be a very effective dopant 169-711. Neodymiurn doped barium cerate ceramics have an 
ionic conductivity higher than that of the fluorite oxygen ion conductor Y-doped zirconia at 
600-800'C 1721. These characteristics make this material very attractive for use in 
intermediate temperature fuel cells and other proton conducting devices. A drawback 
associated with these compounds is that the contribution of oxide ions to conduction becomes 
more important as the temperature is increased. This was especially observed at temperatures 
above 600'C [73,74]. It was found by Taniguchi et al. that at 1000'C gadolinium. doped 
barium cerates become 100% oxide ion conductors [1321. The conductivity of SrCe03-based 
ceramics is lower but the transport number of protons is higher than that of the BaCe03-based 
ones. The conductivity of zirconate-based ceramics is lower than that of the cerates, but they 
are superior with respect to their chemical and mechanical strength. The other types of oxides 
and salts that have been found to exhibit protonic conduction at high temperatures all have 
protonic conductivities that are rather low compared to those of the previous materials and 
also exhibit oxide ions conductivity. Those materials have been tested for fuel cell 
applications and showed promising results but these are still at the early stages and the 
phenomena taking place within cell are not very well understood. 175] 
The use of ceramic protonic conductors presents several advantages over ionic conductors in 
their use for fuel cells. Barium cerate-based solid electrolytes are stable to reduction by 
hydrogen at high temperature which makes them good candidates for solid oxide fuel cell 
applications [761. In the case of an ammonia/air system, the hydrogen produced by the 
decomposition of ammonia is extracted from the anode gases using the proton conducting 
elcctrolyte rather than oxygen going to the ammonia side. Therefore there is no water 
produced on the anode and the fuel remains pure. 
Several materials have been tested for use in fuel cell operations. Shimada et al. [1001 have 
studied the use of BZCI (a zirconium doped barium cerate) as SOFC electrolytes. Their 
investigations revealed that BZCI is a good protonic conductor under hydrogen atmosphere, 
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but under high oxygen partial pressure and fuel cell conditions, it behaves as a protonic, 
oxide-ionic and electronic mixed conductor. The electronic contribution in the electrolyte 
material, in fuel cell conditions becomes large with the rise of temperature and therefore 
makes it not very attractive for fuel cell operation. 
Laboratory scale hydrogen fuel cells using SrCeo. 95ybO. 0503-a ceramic as an electrolyte 
diaphragm worked stably at 800 'C-1000 'C 1771. Several studies were conducted by Iwahara 
et aL and Bonanos et al. using a BaCe03-based ceramic and SrCe03-based ceramics in fuel 
cell system [78,81,82]. 
The possibility of using neodymium doped barium cerate as electrolyte material for high 
temperature fuel cells was also investigated. The system used in this case was a 
Pt/BaCeo. 9Ndo. j02.95/PtP the electrolyte thickness was between 0.4 to 0.5 mm and the 
operating temperature was 800'C. The current densities achieved for an EMF of 0.7 V were 
70 mA/cm 2 11131 and 105 mA/cm 2 [1141. 
The use of BZCI in high temperature was also reported but showed rather poor performance, 
as relaxation times of up to 72 hours were required to obtain a stable open circuit voltage 
[1001. 
The performance of a single cell using a proton conducting electrolyte and ammonia as fuel 
has been investigated. The electrolyte materials were a singly doped barium cerate and a 
BaCe03-based cerate doubly doped with gadolinium and praseodyinium. The configuration 
used for the experiments was a single planar element. The cell was operated with both 
hydrogen and ammonia and it showed that the performance of the cell is the same irrespective 
of the fuel over a long period. In both cases the fuel used was 100% pure and no carrier gas 
was used. Two different pellets were used for the experiments: a doped gadolinium BCG and 
BCGP. The BCGP cell showed much better performance than the BCG one. The open circuit 
voltage achieved by the cell was rather low compared to the theoretical value; however the 
cell showed good performance as the current density increased 183]. 
Another application of proton conduction materials that has been given attention is the 
hydrogen pump [631. Hydrogen is supplied to the anode of an electrochemical cell using a 
proton conducting electrolyte and direct current is passed through it. Hydrogen is ionized to 
form protons and they are transported through the electrolyte to the porous cathode, where 
they are discharged to form hydrogen gas. Several types of proton conducting ceramics have 
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been used for these experiments SrCeo. 95Ybo. 0503-a [1331 or BaCeO. qNdO., 03-,, where a denotes 
the number of oxygen deficiencies per unit formula of the perovskite-type oxide. The 
experiments showed that electrochemical pump using a proton-conducting solid electrolyte 
can be used for the separation of the extraction of hydrogen from a gas mixture or from 
molecules having hydrogen as a component. Extraction of hydrogen could be done with a 
current efficiency close to unity; the hydrogen can be completely pumped from the anode side 
to the cathode side. 
1.2.4 Electrode material 
Along with the choice of the electrolyte material, the choice of the electrodes is very 
important. Both the anode and the cathode have a great influence on the performance of the 
cell. Some reasons for this are: the length of the triple phase boundary (TPB) (key reactants 
must pass the TPB), a good adherence to the electrolyte material. In the case of composite 
material, the electrochemical performance is very much dependent on how it, was made 
(structure and composition). 
1.2.4.1 Anode 
The anode is usually a nickel/yttria stabilised zirconia cermet (NiYSZ or CoYSZ) 1171, which 
is a ceramic-metal composite. However, metals can be used as anode materials due to the 
reducing conditions of the fuel gas. Due to the high operating temperatures the number of 
metals suitable is limited: nickel, cobalt, and noble metals. Nickel is the most commonly used 
because of its low cost. To maintain the porous structure of nickel over long periods at high 
temperatures and provide the desired properties for the anode, nickel metal is often dispersed 
on the surface of a YSZ support. The YSZ support is added to the anode formulation in the 
form of powder or fiber [841. The electrical conductivity of nickel/YSZ cermet is strongly 
dependent on its nickel content. The conductivity of such a cermet can be estimated as a 
function of the nickel content using percolation theory [52-531 and it reveals that the 
conductivity shows an S-shaped curve. Below 30 % vol nickel, the conductivity is of the 
order of the YSZ conductivity. Above 30 % vol nickel, the conductivity is about three order 
of magnitude higher. 
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Another material suitable for use in SOFCs is cobalt since the metal can withstand the fuel 
environment and remains non-oxidized. Cobalt/stabilized zirconia cermets have been used in 
SOFCs 1561, but due to its high cost cobalt is not commonly used. 
Other studies have been conducted on the development of composite electrode materials using 
ceria based materials: CGO (gadolinium doped ceria) and introducing nickel in the matrix to 
increase the conductivity and the ability of cracking hydrocarbons. A Ni-CGO cermet was 
tested for fuel cell applications and showed coking problems when methane was used as 
source fuel. [851. 
1.2.4.2 Cathode 
As for the anode, noble metals can be used, but due to high cost several doped oxides and 
mixed oxides have been investigated 158-64]. The disadvantages of most of these materials 
are thermal expansion mismatch and incompatibility with the electrolyte. Currently, the 
cathode is often composed of a mixed conducting perovskite lanthanum manganate. Among 
the cathode materials reported strontium doped lanthanum. manganite (LSM) are the most 
extensively used and studied due to their high stability and high electrocatalytic activity for 
oxygen reduction at high temperatures [95-981. Furthermore these materials have similar 
thermal expansion to the zirconia electrolyte. 
In parallel with the LSM cathodes, strontium doped lanthanum. ferrite (LSF) is the most used 
material for high temperature fuel cells [991. Encouraging results have also been found when 
using strontium doped lanthanum cuprite and cobaltite 1100,101]. 
As the SOFC is using solid components, it may in principle be constructed in any 
configuration. So far, cells have been developed in three major configurations. 
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1.2.5 Designs for SOFCs 
1.2.5.1 Tubular configuration 
This configuration has been developed since the 50's by the Westinghouse Flectric 
Corporation and is shown in figure 1.4 1111. In this design, the cathode is formed by 
extrusion. The electrolyte and the cell connection are deposited by EVD (electrochemical 
vapour deposition) on the cathode. The anode is usually formed on the electrolyte layer by 
slurry deposition. The support tube is closed at one end, which minimizes gas seals between 
cells. The oxidant, usually air, is introduced via the central tube and the fuel gas is supplied to 
the exterior of the closed-end tube. Recent developments on tubular solid oxide fuel cells 
have been made. The calcia-stabilised zirconia porous support tube (PST) has been eliminated 
and replaced by a doped lanthanum manganite air electrode tube (AES) 117 1. This new type of 
cell has shown a power density increase of about 33 % and improved performance stability 
over the PST. These air electrode supported cells have an increased active length of 150 cm; 
their diameter has also been increased to 2.2 cm to accommodate larger pressure drops 
encountered in longer length cells. Associated with these AES is a cost reduction, one of the 
EVD steps has been replaced by plasma spraying. 
Fuel electrode (anode) 
Air 
Interconnect 
Electrolyte 
Air electrode (cathode) 
Figure 1.4: Solid oxide fuel cell tubular design 
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1.2.5.2 Planar design 
This type of configuration is under development by several companies around the world such 
as SIEMENS and Fuji electric 1111. In this case, the cells are flat plates that are bonded 
together one on top of the other to form a stack as shown on figure 1.5. The flat plate design 
should give a lower ohmic resistance of the electrolyte, resulting in lower energy losses. 
Currently three types of planar SOFC are being developed: electrolyte supported, cathode 
supported and anode supported. The first type involves electrolytes of a thickness of 50-150 
microns therefore increasing the ohmic resistance and requiring operating temperatures of 
1000'C. The electrode-supported design allows a much lower thickness of around 5-20 
microns therefore making them suitable for operating at lower temperatures. 
The planar configuration presents the advantages of being easy to manufacture and having 
flexibility in the shape of the cell. However, there are some problems related to this design: a 
non-uniform temperature, difficulty in sealing the cell as gas leaks are difficult to prevent. 
Interconnect 
Anode 
Electrolyte 
Cathode 
Figure 1.5: Solid oxide fuel cell planar design 
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1.2.6 Developments 
As far as the SOFC are concerned the major issues are lifetime and cost. The actual trend in 
solid oxide fuel cell technology is to reduce the operating temperature of the cells in order to 
make them applicable for every day use. This means reducing temperatures as high as II OOIC 
to 700"C. However, due to the electrolyte characteristics this has proved to be rather 
challenging. The easiest way to achieve this is by reducing the thickness of the electrolyte 
therefore reducing the resistance and increasing the performance of the cell. 
The advantages of such intermediate temperatures are: lower ohmic losses, a higher Gibbs 
efficiency, cell endurance is improved due to a slower degradation and the possibility to use 
cheaper materials for the interconnect. This can be achieved by developing new materials or 
by reducing the thickness of the electrolyte. There is an interest in systems with ceria- 
gadolinia electrolytes as the ionic conductivity is about one order of magnitude greater than 
that of zirconia. Such electrolytes can operate at lower temperatures and show better 
performance at temperatures below 7000C [7], however there is a problem due their electronic 
conductivity in reducing fuel environments. Another option is oxide-ion conducting 
perovskites, these materials have a varying composition described by the following formula: 
La,, Sr,, Gay Mgz 03-8) there are still some issues associated with their use in fuel cells as 
lanthanurn gallate reacts with nickel, which is a common electrocatalyst used in SOFCs. [7]. 
Several techniques have been employed to build thin film electrolytes: physical vapour 
deposition, tape calendering, sol-gel deposition and colloidal deposition. Many of these 
approaches have produced high quality thin films but they imply high costs and therefore 
these films are not suitable for commercialisation. However, other techniques revealed 
themselves to be highly efficient and relatively low cost to fabricate thin electrolytes. 
Colloidal deposition has allowed the fabrication of thin film electrolytes (4 to 10 microns) on 
porous NiO-YSZ substrates [29], showing high performances at lower temperatures such as 
7500C. Spray pyrolysis 1251 has also permitted the fabrication of high quality thin YSZ 
electrolyte film on an anode substrate. The cell showed high electrochemical performance at 
780'C with a power output of 5OOmW/cm 2. 
The use of mixed ionic electronic conductors has also been studied [27] as they show an ionic 
conductivity much higher than the commonly used yttria stabilized zirconia but these 
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materials are slightly reduced at low oxygen pressures. They demonstrate high power output 
at temperatures such as 700'C. Their mixed conductivity imposes constraints on the operating 
range and therefore requires a study before using them as electrolyte in a cell. 
Recent developments show a new trend. A new configuration consisting of electrode 
supported structures and more precisely anode supported planar SOFCs. In fact they allow a 
much lower electrolyte thickness 119] therefore decreasing the ohmic resistance. They exhibit 
a low manufacturing cost and a high mechanical strength. No electrochemical vapour 
deposition is needed. In this case, the metal/ceramic cermet plays a role as a support, it offers 
higher thermal and electrical conductivity as well as mechanical strength. The electrolyte 
layer is coated on the support by a slurry coating process and the air electrode overlays the 
electrolyte layer 1341. Several studies reveal that these fuel cells show very good performance 
at temperatures of 8000C and below [23,261. The anode material was in both cases a porous 
Ni/YSZ substrate. 
Another approach consists in using a porous metal as support for the SOFC. An ultra thin 
nickel cermet layer is deposited on the porous metal (stainless steel) and on top of the cermet; 
YSZ is applied and then the system is sintered. This technology offers the advantage of being 
low cost and having both a thin anode and a thin electrolyte. In addition to this, the metal 
alloy is both thermally and electronically highly conductive and allows for simple sealing 
compared to brittle NiO/YSZ supporting anode [148]. 
A new approach is also under study, which consists of a single chamber fuel cell [32,871. This 
concept is based on the utilization of a fuel/oxidant mixture and appropriate electrodes to 
generate the half-reactions expected. 
SOFCs that can operate at temperatures as low as 500 I'C have been developed in Texas [42]. 
This was achieved by reducing the electrolyte thickness down to I ýtm. The reduced thickness 
lowers the internal resistance to electric current, making it possible to have power output 
comparable to those obtained at high temperatures. The technique used to make an ultrathin 
electrolyte layer, was to deposit one layer of atoms at a time. This would have the benefit of 
reducing the costs of building the cell and would allow even more fuel flexibility in the 
SOFC. 
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1.2.7 Advantages of the SOFC 
Several aspects make SOFC a very attractive mode of electricity production. It is a clean 
conversion of chemical energy to electricity and it has low levels of noise pollution compared 
to other fuel cells. As the electrolyte is solid, there are no problems associated with its 
management unlike with liquid electrolytes, which can be corrosive and difficult to handle. It 
can deal with a large range of fuels, but most of all it has a conversion efficiency higher than 
any conventional fuel cell. The high operating temperatures (800'C to 1000'C) offer the 
significant advantage of simple fuel pre-treatment. There is no need for fuel treatment units 
such as reformers in the case of hydrocarbons. They have the ability of direct steam reforming 
CH4, but CO is produced and needs to be removed. As far as ammonia cracking is concerned, 
it is possible to combine the fuel pre-treatment and the electricity generation in one step. 
Therefore, ammonia can be directly fed in the SOFC. Efficiencies of 45 to 55 percent have 
already been achieved even though the technology is under development. Furthermore, the 
heat produced can be used in cogeneration applications or in a steam turbine to produce more 
electricity. It has been reported that the combination of this bottoming cycle and the cell can 
achieve an electrical conversion efficiency of 70 percent. With heat recovery, system 
efficiencies as high as 90 percent are possible. The power density of SOFCs for common 
2 
operating conditions of approximately 1000'C and 3 atm is typically 0.2 to 0.5 W/cm . 
However, it has been reported that a single cell can achieve a power density as high as 0.9 
W/cM 2 using a tubular SOFC [46]. Pressure has a positive effect on the SOFC system, 
pressurization increases the cell voltage, efficiency and power output. Pressures of 6 or 7 bar 
can increase the power output by 10 to 15 % over the atmospheric pressure operating 
conditions. The exhaust gases can therefore be used to drive a turbine to provide additional 
power, Westinghouse has developed such a system [491. 
Solid oxide fuel cells exhibit many other advantages in comparison to other types of fuel 
cells. PEFC and PAFC can only use hydrogen as fuel whereas many types of fuels can be 
used by a SOFC. They do not need expensive catalysts because of their high operating 
temperature. As their components are solid, they have a certain flexibility for the cell design, 
a long stack life as well as a highly stable electrolyte. For many years, people thought that the 
best application for SOFC was large-scale (power plants of 100 kW and over). Recent 
developments have shown that the technology can be applied to small-scale units. 
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1.2.8 Economics 
The main companies involved in the development of SOFCs are Siemens-Westinghouse 
Corporation, Sulzer and SOFCo [461. Westinghouse has been developing tubular SOFCs 
since the 1960's. They commercialized their first SOFC system in 2001. Sulzer a Swiss 
company, has a goal to commercialize SOFC cogeneration system for residential applications. 
The design they use is based on a planar disc configuration with integrated heat exchanger 
and internal steam reformer. SOFCo is also developing systems for distributed power 
applications, such as residential and small commercial systems. Their design is based on the 
use of a SOFC stack, an advanced heat exchanger, a steam generator, a desulfurizer, a fuel 
processor and a start-up bumer. These are not the only companies working on the 
development of such systems; there is also GE, Ztek, Rolls Royce, and Mitsubishi. Recently, 
systems that can be started in as little as 10 minutes have been developed. The process was 
repeated several times and the fuel cell showed no decrease in performance. 
Cost is one of the main issues for the commercialization of SOFCs. Siemens Westinghouse 
wants to put on the market SOFC power systems with fully installed costs of under 
$1,300/kWe at a market entry level for I to 3 MWe power output sizes. 150] 
Itoh et al. have also estimated the costs for Japanese companies producing SOFCs. Their 
estimates are based on production rates of 2000 kWe/month. They evaluated three different 
designs: the planar SOFCs cost is estimated as $1 100/kWe, the tubular SOFC is estimated as 
$5900/kWe with EVD and reduced to $2800/kWe using plasma spraying. [51] 
However, a study carried out by Ippommatsu et al. showed much more interesting results 
1521. If a mass production of I million cells per plant per year is considered, the costs per cell 
would not exceed $67 (assuming that the active area of each cell is 400 cm 2). And if the 
power output is taken to be 0.3 W/cm 2, the maximum manufacturing costs for a cell would be 
$780/kWe. 
It is believed that SOFCs will be commercially available during this decade in stationary 
combined heat and power applications in the range from 100 kWe to 7 MWe and even higher 
power capacities. 
In a report published by Business Communications Company Inc. 11441, global market value 
of SOFC is forecasted to reach $347 millions by 2008 with an average annual growth rate 
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(AAGR) of 22% per year with the North American market representing about 57% of the 
global market then (about $198 millions). 
The potential of SOFCs as replacement for stationary power generation systems has been 
largely demonstrated. The possibility of achieving efficiencies of up to 80% when the fuel 
cell is combined with a gas turbine has generated great interest. The U. S. Department of 
Energy in partnership with private companies has recently started a program for the 
development and demonstration of high efficiency solid oxide fuel cells and fuel cell/turbine 
hybrid for near term distributed generation markets. This program is designed to move fuel 
cells out of limited niche markets into market applications by making them available at a 
price of $400 W. This could be achieved through mass customization. Currently, several 
prototypes are being developed. General Electric is concentrating its effort on a compact 
natural gas 5-kW planar anode supported fuel cell which can produce up to 400 mW. cm -2 . 
Delphi has achieved 420 mW. cm -2 with a 30-cell stack, Cummins and SOFCo EFS are 
developing a 10-kW cell for recreational vehicles that would run on propane. Siemens 
Westinghouse Power corporation is developing 5 to 10-kW products for multiple markets 
11471. 
1.2.9 Applications 
SOFCs have been developed for large range of applications for power generation from 
portable system devices to distributed generation power plants. SOFCs have also been 
integrated with gas turbines to form large pressurized hybrid systems. SOFCs are the only 
fuel cells that can be used in such a wide range of applications. Table 1.4 gives a description 
of the applications for different power outputs. 
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Power output System 
20 W Portable: thermally integrated unit that 
includes an SOFC operating on jet fuels. 
The system weighs about 0.6 kg. 
500 W Portable: battery charging system 
operating on logistic fuels or military 
applications. The system produces 28 V. 
1-10 kW Systems developed for stationary 
applications and also automobile auxiliary 
power unit. 
100-250 kW Combined heat and power (CHP) SOFC. 
Multi MW SOFC/gas turbine (GT) hybrid system, 
highly efflcient systems (up to 70%) 
Table IA: properties of fuel cells [861 
1.3 Fuels for Solid Oxide Fuel Cells 
In theory, any fluid capable of electrochemical oxidation and reduction can be used as fuel 
and oxidant in a fuel cell. However, hydrogen is currently the most common fuel for use in 
ceramic fuel cells. One problem with hydrogen is its safe handling. The use of hydrogen as a 
fuel for wide-spread distribution in either gaseous or liquid form poses a lot of safety, 
technical, and economic problems that make its use difficult. In the absence of a hydrogen 
pipeline network, small-scale users purchase hydrogen as compressed gas in steel cylinders, 
or as liquid hydrogen in cryogenic containers. One approach to avoid all the problems related 
to the use of hydrogen as a fuel is to consider less expensive, simpler, and cheaper materials 
that can act as hydrogen carrier. Hydrogen has a high electrochemical reactivity and can be 
derived from common fuels such as hydrocarbons, alcohols, or coal. Several methods of 
producing hydrogen have been developed, for example via steam reforming of natural gas or 
hydrocarbons, via water electrolysis, by reforming of methanol and by ammonia dissociation. 
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1.3.1 Hydrocarbons 
1.3.1.1 Steam reforming 
This method is one of the cheapest and most efficient for producing hydrogen and 
hydrogen/carbon monoxide mixtures [6]. This process involves the conversion of 
hydrocarbons and steam to synthesis gas (hydrogen and carbon monoxide). It requires a large 
heat supply to keep the reaction going but works with a large range of hydrocarbons from 
methane to naphta. The process consists of three main steps: gas purification, synthesis gas 
generation and water gas shift. The main reaction involved in the process is: 
C, Hy + H20 -> 
H2 +Co+ c02 
There are problems associated with this process: steam reforming is a rather complicated 
process that requires many units. To protect and prolong the life of the catalyst a 
desulphurisation unit must be fitted to the inlet of the reactor. This bed will catch any stray 
sulphur compounds or atoms. These components would be bad for the reactor as they would 
adsorb on the catalyst surface rendering it useless for the synthesis gas reaction. Another 
disadvantage is the large size of the CO shift converter. 
Methane is one of the most investigated options for the production of hydrogen. This method 
has been extensively studied [37-441. The large abundance of methane and its high II/C ratio 
could make it an attractive fuel for fuel cells. It is contained in natural gas, petroleum- 
associated gas and in mcthanc-hydrate. The main drawback is that the energy production by 
burning of methane inevitably emits a huge amount of C02 into the atmosphere. However, the 
current processes for the production of hydrogen from methane (natural gas) and water or 
from other fossil resources and water also emit a huge amount Of C02. Furthermore, frequent 
regeneration of the catalyst is needed due to coking. 
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1.3.1.2 Partial oxidation of heavy hydrocarbons 
This process is based on the reaction of heavy hydrocarbons with steam to form synthesis gas. 
The difference to steam reforming comes from the reactor. In this case, the heat necessary to 
support the reaction is obtained by burning a part of the fuel. 
1.3.1.3 Auto-thermal reforming 
Auto-thermal reforming is a combination of both steam reforming and partial oxidation and is 
self-sustaining; no external power is needs to be added to the system once it is running as the 
exothermic reaction provides sufficient energy to balance the endothen-nic reaction figure 1.6. 
Fuel cell 
- Quality 
Hydrogen 
Spent power 
plant gases 
Figure 1.6: Hydrocarbon decomposition schema 1601 
13.2 Hydrogen from coal 
In this case hydrogen is produced by coal gasification [1]. Coal reacts with oxygen and steam 
to give a mixture of carbon monoxide and hydrogen. Due to the characteristics of coal such as 
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ash content, composition, the tendency to agglomerate and the sulphur content, coal 
gasification is a complex process. 
1.3.3 Methanol steam reforming 
The process involves the decomposition of methanol followed by a water gas shift reaction. 
Hydrogen and carbon monoxide are the products of methanol decomposition. The best 
hydrogen yields are obtained when using catalytic steam reforming. A fuel cell drive system 
based on methanol [53] as the fuel includes the following main components: a methanol 
steam reformer, a catalytic burner which provides the process heat for the reformer and 
converts all burnable gases in the flue gas into water and carbon dioxide, a gas cleaning unit 
which reduces the CO content of the hydrogen-rich gas. 
1.3.4 Ethanol steam reforming 
Ethanol steam reforming has been investigated by Liguras et al. in the department of 
Chemical Engineering of the University of Patras 1551. They studied the catalytic 
performance of supported noble metal catalyst. Rh supported catalysts give the best results in 
terms of activity and selectivity. However, it was found that under certain conditions, 5% 
Ru/AI203 catalyst is able to completely convert ethanol with selectivities to hydrogen above 
95 % at temperatures around 800'C, the only byproduct was methane. 
This technology has not been applied to fuel cells yet, and will need a lot more investigation. 
1.3.5 LPG 
Recently, BOC and Ceres power have been running development trials to use LPG in low 
temperature SOFCs. The innovative SOFC operates at temperatures of 550 "C-600 *C using 
mass production materials for the construction of the cell. 
1.3.6 Hydrogen from solid biomass 
This process involves many steps as shown in figure 1.7, which makes it rather complicated 
and difficult to put in place. Furthermore, since the H2 content in biomass is low, the yield is 
also low. The low energy content of biomass is an inherent limitation of the process since 
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over half the hydrogen produced from biomass comes from splitting of water in steam 
reforming. It is therefore less attractive for the production of hydrogen. 
Biomass 
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II Aqueous 
H2/CO I1 CH4/C02 
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F- 
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Figure 1.7: Process involving thermochemical decomposition of biomass 1621 
1.3.7 flydrazine 
I Pyrolysis I 
Severe 
I 112/C I 
C111.40.6 
Refonning 
shift 
-I 
112/CO2 
Hydrogen is produced by the oxidation of hydrazine using either oxygen or hydrogen 
peroxide [1]. Hydrazine must be catalytically decomposed to obtain hydrogen. High voltages 
can be obtained in the low current density region. However, due to its high toxicity, this 
application is principally restricted to military applications. Hydrazine has mainly been tested 
in PEMFC, and alkali fuel cells [801. 
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1.3.8 DME (dimethyl ether) 
DME is another fuel that has been considered as an option for SOFCs 1531 to investigate the 
feasibility and benefits of using oxygenated fuel. Experiments were carried out using Ni- 
based anodes. The maximum power densities achieved were 0.1 W/CM2 and 0.21 W/CM2 at 
600"C and 700'C respectively. These are the early stages of the tests. DME presents several 
advantages: non-toxic, high density, liquid DME fuel can be easily stored at modest pressures. 
This combines the fuel delivery (pumpless) advantage of a hydrogen fuel cell with the high 
energy density of a liquid fuel. 
1.3.9 Hydrogen suffide 
The use of hydrogen sulfide in a SOFC system has been studied. A new class of material was 
used La,, Srl-xV03-& they appear to be active towards the preferential oxidation of H2S over 
hydrogen. A system composed of LSV/YSZ/LSM-YSZ showed a maximum power density of 
90 mW/cM 2 at 220 mA/cm 2 with a 5% H2S-95% N2 fuel mixture at 1273 K. A drawback of 
the use of hydrogen sulfide is the production Of S02 1891- 
1.3.10 Formic Acid 
The successful use of formic acid as fuel in a PEM cell was demonstrated by Rice et al. [1341. 
The fuel cell was operated at 60 'C and achieved current densities up to 134 mA/cm 2 and 
power outputs up to 48.8 mW/crn 2. The optimum concentration was found to be between 10 
and 20 mol/l. 
1.3.11 Ammonia 
Ammonia reforming is an interesting option that is somewhat different from the standard 
fossil-fuel reforming ideas since it offers clean combustion from a chemical feedstock that is 
commercially available as a fertilizer. Fuel cell companies like Analitic power and H-power 
have developed prototypes running on liquefied ammonia 11281. Earlier, ammonia was 
studied as a fuel cell feedstock, using a reformer placed before the fuel cell. The analysis of 
the system revealed that the specific power and the energy densities achieved are attractive 
compared to fuel cells using pure hydrogen as source fuel. [ 1311 
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Ammonia has not been extensively studied as a source of fuel for fuel cells. However, its 
potential as a replacement for pure hydrogen or other fossil fuel has been recognised. 
Currently, only two studies have been reported on the performances of oxide ion conducting 
fuel cells using ammonia as direct source fuel [5,331. They showed interesting results, 
proving that ammonia is a suitable fuel for fuel cells. 
Wojcik et al. 151 carried out the experiments using a typical yttria stabilised zirconia 
electrolyte and two types of electrodes: silver and platinum. A series of experiments were 
carried out at temperatures from 700"C to 1000'C using either pure ammonia or pure 
hydrogen to evaluate the performance of the fuel cell. In order to see the effect of the addition 
of catalyst, an iron-based catalyst was put on the silver anode. 
The data collected revealed poor performance of the cell at 700"C when using a silver anode, 
an open circuit voltage of less than 0.6 V was achieved. Furthermore, the EMF of the cell 
decreased exponentially with the current density. A similar behaviour was observed at higher 
temperatures, the highest open circuit voltage obtained was 0.8 V at 900*C. 
Results clearly showed that the catalyst has a significant effect on the amelioration of the 
performance of the cell (voltage). The values obtained were around 5 times higher than those 
collected without catalyst. They also revealed that the activities of the cells fuelled by 
ammonia and hydrogen are similar when using the anode with catalyst for ammonia. As part 
of the study they used a platinum anode. This showed that the ammonia fuelled cell and the 
hydrogen-fuelled cell had comparable performance. Furthermore, a remarkable point was that 
the current densities were about 200 times greater than those obtained at the same conditions 
with the silver anode. The current densities achieved with a silver anode were of the order of 
I mA/cm 2 whereas when using platinum, the current densities reached 200 mA/cm 2 to 600 
mA/cm2. 
The important point to notice with this study is that it did not look into the potential of a 
nickel electrode. Indeed, nickel has been the subject of many studies on ammonia's 
decomposition, showing that nickel has a high catalytic effect and therefore is a material to 
consider when studying the characteristics of a fuel cell using ammonia as a fael. 
Vayenas and Farr 133] focused more on determining the reaction taking place at the surface of 
the anode. They showed the cffect of platinum and careftilly selected flow rates on the 
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production of NO which could be used for the production of nitric acid and electric energy 
cogeneration. The main reaction of oxidation is: 
2NH 3 +502- -+2NO+3H20+10e- 
However, this is mainly due to the properties of platinum which promotes the conversion of 
NH3 to NO at temperatures between 500 IC and 1000 *C. Furthermore, they also showed that 
the selectivity towards NO is mainly dependent on a factorM = 
Go' 
, where 
G is the molar GNH3. 
f 
flux of the species. If the ratio has a value above 0.75 the selectivity towards NO is high, 
however below 0.75, almost no NO is produced and N2 is the main product, due to the 
reaction between NH3 and NO. These experiments were carried out at very low 
concentrations (4.5%) of ammonia in helium and high residence times. 
1.4 Why Ammonia? 
Ammonia presents many advantages over hydrogen and other potential sources of hydrogen 
as was shown in the introduction. 
1.4.1 Chemical properties 
Ammonia is a suitable hydrogen carrier, the usable hydrogen per kilogram of fuel is relatively 
high compared with other hydrogen generation approaches. The main properties of ammonia 
are given in table 1.5. Ammonia is essentially non-flammable and can be obtained and stored 
in liquid form very easily. Pure ammonia is liquefied at room temperature when a pressure of 
a few bars is applied. Furthermore, ammonia contains 1.7 times as much hydrogen as liquid 
hydrogen for a given volume [10]. 
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Fuel 
P Properties roperties 
Ammonia NH3 
Boiling point -33 OC[126] 
Flammability (in air) 15%-30% 1127J 
Vapour pressure at 20 IOC 8.6 bar 11271 
Relative density gas (air= 1) 0.6 gn[1271 
Table 1.5: chemical properties Of ammonia 
A further advantage of animonia for fuel cells is that it can be easily cracked into hydrogen 
and nitrogen according to the reaction: 
2NH3 ++ 3H2+ N2 AH = 46.22 Umol-l I 111 
This is the reverse reaction of the Haber-Bosch process, which is most commonly known as 
the ammonia production process. 
With ammonia there is no shift converter, selective oxidizer or further co-reactants like water 
required as in other hydrocarbon or alcohol fuel cell power devices. Contrary to methods like 
stearn reforming, auto-thermal reforming and partial oxidation, this process is COx free. There 
is no need to worry about removing these impurities from the hydrogen stream. The generated 
nitrogen can be released to the atmosphere without significant environmental impact. 
Therefore an important reason for using ammonia as fuel is that its cracking offers by far the 
simplest approach. 
In terms of safety, ammonia poses a low risk of ignition in the presence of sparks or open 
flames. A flammability limit is given but ammonia is considered to be a non-flammable gas 
[1271. There is a health issue as ammonia is harmful. The caustic nature of ammonia is the 
main source of concern. As a gas, it is particularly harmful to the respiratory system. It can 
result in irreversible lung damage or death, but its specific smell makes it very easy to detect 
in cases of leaks and therefore prevention measures can be taken very rapidly. 
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A recent study conducted by Christensen et al. 11371 has demonstrated the high potential of 
ammonia as a source of hydrogen for fuel cells. They have developed a new technology to 
store ammonia and hydrogen. Metal amine salts offer a safe, reversible, high density and low 
cost solution to the very expensive tanks required for hydrogen storage. The development of 
this new technology could provide a cheap alternative to hydrogen storage tanks and use 
ammonia as fuel. The basic theory behind this new hydrogen storage technique is that rather 
than storing hydrogen, it is possible to store ammonia in the form of metal amine complexes 
such as Mg(NH3)CI2. Hexaaminemagnesium chloride is formed by passing ammonia over 
anhydrous magnesium chloride at room temperature. The absorption and desorption is 
completely reversible and there is the possibility of having an ammonia decomposition 
catalyst within the container to produce hydrogen once ammonia has been released. 
This study shows the advantages associated with the use of ammonia compared to other 
hydrogen sources like methanol, hydrocarbons and pure hydrogen. 
1.4.2 Factors influencing ammonia decomposition 
Many studies have been conducted on the decomposition of ammonia. They all agree that the 
dissociation rate depends on temperature, pressure and the catalyst being used. It has been 
shown [11] that an almost complete decomposition of ammonia can be achieved at a 
temperature of approximately 430'C and atmospheric pressure. The influence of metals like 
iron, tungsten, molybdenum, nickel, noble metal and metal oxide has been studied. Their 
effect becomes significant for temperatures going from 7001C to II 00"C. Research has also 
been carried out using simple catalysts such as nickel or iron on aluminium. as well as the 
influence of the addition of noble metals. The results showed that for a simple nickel catalyst 
a temperature of 700'C is required to obtain a conversion rate of 100 percent, whereas when 
using a combination of nickel oxide and ruthenium the temperature needed goes down to 
600T. It is noticeable that at least 95 % conversion is reached at 550'C (at atmospheric 
pressure). 
A study using noble metals (Pt, Rh, I'd and Ir) has been carried out by Papapolymerou and 
Bontozoglou 1151. It showed that ammonia decomposes very fast on Ir, reaching a limit 
between 700 K and 800 K. Decomposition of ammonia on Pt and Rh is similar at all 
temperatures with some variations. As far as I'd is concerned it is very slow for temperatures 
below 1000 K but becomes similar to Pt and Rh levels above 1000 K. At low temperatures it 
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is faster on Ir by up to a factor three compared with the other metals. The experiments also 
revealed that the desorption of nitrogen is the overall rate determining step. The rate of 
desorption appears to be lower than the rate of decomposition of ammonia and therefore 
limits the conversion. 
Another study made by Choudhary and Goodman [211 confirmed the results obtained by 
Papapolymerou and Bontozoglou. They also revealed that ammonia decomposition activity 
per site decreases in the following order: Ru then Ir and Ni. Experiments were carried out 
using different supports. The best results were obtained with Si02. They showed that 100 
percent conversion can be obtained at a temperature of 900 K for Ru/Si02 and at 973 K for 
Ir/SiO2. As far as Ni/Si02 is concerned, the results obtained were relatively close to those 
from the Ru and Ir supported ones, which means that Ni would be the best option from an 
economical point of view. 
Lately, the effect of potassium as a promoter has been demonstrated [131. Experiments on 
ammonia decomposition using a doubly promoted (A1203, CaO) and a triply promoted 
(A1203, CaO, K20) fused iron catalyst have been performed. The triply promoted catalyst 
showed a much higher activity than the doubly promoted catalyst. Furthermore the higher the 
concentration of ammonia the stronger is the effect of the potassium. It has also been noticed 
that the rate of decomposition increases with the temperature. The influence of promoters 
such as cesium and barium has also been investigated 1141. It revealed that cesium is slightly 
more efficient than potassium in ammonia decomposition, barium being less efficient than the 
other two but still showing a significant increase in the decomposition rate. 
1.4.3 Commercial advantages 
The demand and the desire to fix nitrogen to make explosives, as well as fertilisers, led to the 
development of chemical processes to produce ammonia, nitric acid and nitrates from the 
distillation of coal and the by-products of other industrial chemical processes. Early processes 
(1900 - 1920) were the Arc Process and the Cyanamid Process, both highly energy intensive 
and uncompetitive relative to the later Haber-Bosch process. 
Ammonia is produced and distributed world-wide in millions of tonnes per year. Ammonia is 
transported from all over the world by ships and pipeline. Pipelines can be found in many 
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parts of the world, for example, there are 2000 miles of ammonia pipeline in Australia. In 
2000, the world production reached 130 millions tonnes [681. China is the largest producer 
and the US is second. Major modem plants can easily produce 1000 tonnes of ammonia per 
day, requiring almost I million m. 3 of methane. Hence, production is moving to low cost 
hydrocarbon sources, closer to the major markets in developing economies. In the longer 
term, coal may be the likely source, though countries with available cheap electricity, such as 
Iceland (geothermal) and Norway (hydroelectricity) may also be at an advantage. Ammonia is 
basically produced from water, air and energy. Natural gas is likely to be the main feedstock 
for the next 50 years given present reserves of fossil fuels. In the very long term, 50-200 
years, coal could be expected to take over, based on world reserves and consumption rate. 
Energy costs have decreased constantly over the past 100 years, with a typical modem plant 
consuming 30 - 38 GJ per torme of ammonia produced. Figure 1.8 shows the evolution of the 
energy required for the production of I tonne of ammonia over the last 100 years. 
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Figure 1.8: Evolution of the energy used for the production of ammonia 1681 
This means that it is a well known product and that all the procedures concerning its storage 
and handling are developed. Furthermore, facilities for the transportation and the distribution 
of ammonia are available throughout the world. Currently, ammonia is mainly used for 
agricultural applications such as fertilizers but it is also used in many other industries (textile, 
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explosives). Ammonia is used in several applications such as the Ostwald process to produce 
nitric acid, the Solvay process for the synthesis of sodium carbonate and also in numerous 
metallurgical processes. 
In terms of costing, ammonia is a much cheaper option than many of the fuels used or 
currently under development to replace hydrogen. 
1.4.4 Ammonia synthesis 
Ammonia synthesis is synthesised according to the following reaction: 
3H2 + N2 4-,. 2NH3 
The main process used for ammonia synthesis is the Haber process, which was developed in 
1909 by Fritz Haber. He established the conditions under which nitrogen and hydrogen would 
combine to form ammonia. The three conditions required for the synthesis are: an 
intermediate temperature of 350'C, a high pressure of 250 bars and a catalyst (a porous iron 
catalyst prepared by reducing magnetite). 
1.4.4.1 Industrial production of ammonia 
Ammonia can be produced using many different source fuels: natural gas, light hydrocarbon, 
naphtha and coal (using electricity). Depending on the fuel chosen, there are several stages 
involved in the production of ammonia, but in all the cases, the Haber process will be the last 
one. 
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Figure 1.9: Steam reforming process for the production of ammonia from natural gas 
Industrially, to achieve good reaction rates, the reaction temperature has to be high, therefore 
limiting the conversion. Ammonia (151/o) is produced per pass but by recirculating the gases 
yields of up to 98% can be obtained. In Europe, two main types of production process are 
dominating: steam reforming and partial oxidation. Coal gasification and water electrolysis 
are no longer in use in the European industry due to emissions regulations. About 85% of the 
world's production is based on steam reforming [1151. If the feedstock is considered to be 
methane, first synthesis gas production takes place at pressures of 25-35 bars, ammonia is 
then synthesised at pressures in the range of 100-250 bars. 
1.4.4.2 Ammonia production at low pressures 
Ammonia's conversion is limited by thermodynamics as the gas volume decreases with the 
reaction. The consequence is that high pressures are required to shift the equilibrium to the 
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right. Another important fact is that the reaction is exothermic therefore the conversion 
increases with a decreasing temperature. 
For about 100 years, multi-promoted fused iron catalyst and the Haber-Bosch process have 
been used for the production of ammonia. Nearly two decades ago ruthenium containing 
catalyst and the KAAP process were successfully commercialized. The ruthenium based 
catalysts have received a lot of attention as they present a much higher activity than the iron 
based catalysts. Usually, active carbon and graphite are used as a support of the ruthenium 
based catalyst. Improvements of the catalyst support are still under study, recently alkali 
promoted ruthenium supported on multi walled nano tubes have been developed [901. 
Recently studies are focusing on the production of ammonia at low temperatures and at 
atmospheric pressure. To achieve this, two types of experiments have been carried out. The 
first one focused on the development of highly active catalysts. New types of catalyst 
precursors, supports and electron promoters for the process have been developed. This 
allowed the understanding of the mechanism of nitrogen activation and its hydrogenation. 
This resulted in the finding of new efficient catalysts exhibiting high activity in ammonia 
synthesis at low-temperatures. These catalysts are mainly ruthenium based, and recently 
catalyst based on supported potassium carbonyl ruthenates as precursors have shown very 
promising results [116]. 
The second one used a proton conducting electrolyte to separate the reacting gases. Proton 
conductor electrolytes are useful in catalysis as they allow operation at temperatures at which 
many industrial hydrogenation reactions take place [911. The other advantage of using proton 
conducting ceramics stands in the fact that it is possible to achieve conversions exceeding 
those predicted by thermodynamic equilibrium 192]. Therefore they can operate at 
atmospheric pressure. An external power source is used to direct and control the current, 
hence the protons. According to Faraday's law, the current I corresponds to a molar flux of 
1/2F moles of H2/S. The change in the rate of hydrogen consumption at the cathode can be 
compared to 1/2F, the rate of electrochemical flux of hydrogen through the electrolyte. 
Several electrolyte materials have been used which are perovskite-type oxides among them 
lanthanum. composite, barium composite and strontia-ceria-ytterbia (SCY) being the most 
studied [93,941. A similar experimental setup was used for all these experiments. The 
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electrolyte pellet separating the gases is coated on both sides with porous metal electrodes. 
Hydrogen is supplied electrochemically; gaseous hydrogen passes over the anode and is 
decomposed following this reaction: 
3H2-* 6H ++ 6e- 
The protons then diffuse through the electrolyte ceramic and react with the nitrogen on the 
other side of the cell according to the following reaction to produce ammonia: 
N2+ 6H+ + 6e- -> 2NH3 
These investigations showed the importance of several factors on the rate of formation of 
ammonia. The most important ones being the volumetric flow rate of hydrogen and nitrogen, 
the potential of the cell, the rate of decomposition of ammonia and the area of the electrodes. 
Marnellos and Stoukides [1461 reported that ammonia was synthesized using a SCY 
electrolyte and achieved a yield of 10-11 Mol S-1 CM-2. 
Since 2003 Li et al., have been working on the development of proton conducting materials 
for ammonia synthesis at atmospheric pressure. They reported higher ammonia production 
rates of 10-9 mol s-1 cm-2 using SCY as solid electrolyte in a similar type of experiment but 
with electrodes with a surface area of only I cm 2. They used pure hydrogen on the anode side. 
The electrode material was a commercial Ag-Pd paste 11481. Depending on the material used 
for the synthesis of ammonia, different behaviours have been observed. When using a 
lanthanum based proton conductor material, the rate of formation of ammonia reaches a 
maximum at 520 'C for given flow rates of hydrogen and nitrogen. The pellet had a thickness 
of 0.8 mm. The work carried out revealed that the rate of formation is influenced by the 
volumetric flow of hydrogen and nitrogen [129]. 
A study conducted by the same team [136] using different levels of dopant (Ca 2) in similar 
lanthanurn compounds, showed comparable rates of production of ammonia. The explanation 
for the maximum in the synthesis of ammonia can be found in the fact that as the operating 
temperature is increased, the decomposition of ammonia becomes a significant factor. 
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7bey also studied the properties of perovskite-type oxides Ba3(Caj. 18NbI. 82)09, 
Ba3CaZro. 5Nbl. 509 and Ba3CaO. 9NdO. 28TO1.820q, demonstrating that the latter exhibits the 
highest rates of formation at 620 'C [1351. 
Recently, they have managed to achieve rates of formation of up to 8.10-9 Mol/S/CM2, using in 
this case fluorite-type oxide ceramics, Ceo. 8MO. 202-8 (M= La, Y, Gd, Sm), at temperatures 
from 400 'C to 800 'C. The maximum production rate was obtained for temperatures of 650 
'C, showing the difference in properties of the proton conducting materials 11491. 
A study that focused on the development of catalyst for the production of ammonia presents 
similar conclusions; there is an optimum temperature for each catalyst used for ammonia 
synthesis. A Fe-based catalyst exhibited the best perfonnance at 783 K and a Ru-based 
catalyst was operating best at 693 K 11301. 
A reaction scheme has been suggested but remains very uncertain as experiments need to be 
carried out to fully understand the process [146]. 
H2 ++ 2H,, d, 
N2 ++ 2N,, d, 
N. d, +H+ ++ 
NHads 
NHads + e- <-> NHads 
NHads + Hads *4 NH2ads 
NH2adj + Hads '-> NH3ads 
NH3ad. 
v <-> NH3 
Step number 3 is supposed to be the rate determining step but this is only a prediction. 
Another reaction scheme has been proposed by Rod et al. [1451; this one does not include the 
dissociation of nitrogen and can also predict the experimental observations. 
1.5 Preparation of ceramic sheets 
1.5.1 Techniques used 
Yttria stabilized zirconia is the most commonly used electrolyte material for solid oxide fuel 
cells because of its unique properties. There is common desire to decrease the operating 
temperatures of the SOFCs, and to do so it is necessary to reduce the thickness of the 
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electrolyte. Several techniques can be employed for the preparation of thin films (200 
microns). 
1.5.1.1 Spray pyrolysis 
Thin film deposition using spray pyrolysis involves the spraying of a metal salt solution onto 
a heated substrate. This technique requires the utilisation of an electrostatic atomizer or an air 
blast atomizer. A precursor solution is prepared and then atomized using air pressure or high 
voltage. 1120] 
1.5.1.2 Plasma spraying 
The Plasma Spray Process is basically the spraying of molten or heat softened material onto a 
surface to provide a coating. Material in the form of powder is injected into a very high 
temperature plasma flame, where it is rapidly heated and accelerated to a high velocity. The 
hot material impacts on the substrate surface and rapidly cools forming a coating. [1191 
1.5.1.3 Electrochemical vapour deposition 
Electrochemical vapour deposition (EVD) was originally developed by Westinghouse Electric 
Corporation to form thin gas-tight solid electrolyte layers but this technique is more often use 
for the preparation of oxygen sensors [1181. The principle of EVD is based on a mixture of 
metal chlorides that is kept separate from an oxygen source reactant by using a porous 
substrate. The cations are volatized and passed over the substrate [1171. Under operating 
conditions, the mixture diffuses into the pores of the substrate and then reacts to form the 
desired metal oxide which deposits on the pore walls. This process is carried out until the 
pores are completely obstructed and a film is formed. This technique is expensive and 
requires a long time to obtain a sufficiently thick layer. 
1.5.1.4 Screen printing 
The screen printing method is carried out by using a silk-screen through which a paste passes. 
This process requires the use of a substrate and the repetition of the deposition to obtain a 
suff iciently thick layer of ceramic. [ 12 11 
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Other methods have been used such as dip coating [1221, sol-gel [1231, however among all 
these techniques, one of the most economical for the preparation of electrolyte supported fuel 
cells is tape casting. 
1.5.2 Tape casting 
Tape casting is a process that has been developed to fabricate these thin sheets in large 
quantity and at low cost. Paper thin, flexible green sheets with smooth surfaces of various 
ceramic compositions can be produced. It is similar to slip casting, but in this case the slip is 
spread onto a flat surface rather than being poured into a shaped mould. The general approach 
for tape casting is "the doctor blade" process. This technique consists of casting the slurry 
onto a moving carrier surface, which is usually a thin film of cellulose acetate, and spreading 
the slurry to a controlled thickness using a long, smooth blade. 
The technique is a well known colloidal shaping method; it often uses a suspension containing 
a binder that is either solvent or water soluble. Both aqueous and organic phases can be used, 
however, from a point of view of process control, solvent based tape cast processes are 
considered to be a better choice over water based tape cast processes [1041. Non aqueous 
slurries show easier dispersion of the powder and slurry drying. The only concern comes from 
the fact that using an organic solvent is not environmentally friendly and therefore it makes 
this method not suitable for industry. In the last decade, much effort has been put into 
developing aqueous tape casting using environmentally friendly solvent and binders. 1105- 
1071 
1.5.3 Preparation of the slurry 
The organization of the particle in the green body plays a critical role and detennines the 
Sintering behaviour and the final properties of the ceramic. During the process the particles 
are dispersed into a slurry, whose properties depends on the ceramic powder and the different 
organic compounds added to the slurry to provide the desired properties. There is a high 
concentration of organic compounds remaining in the tape after the casting process. These 
compounds will be eliminated during the drying and sintering processes. To obtain a ceramic 
with good properties i. e. a homogeneous uniform product, the starting suspension must have a 
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high homogeneity and stability and those properties have to be maintained throughout the 
whole preparation process. It is therefore very important to identify the role of each one of the 
compounds that compose the slurry. 
Several steps are involved in this process. First, a concentrated slurry containing the powder is 
mixed with a binder and plasticizers. The tape is formed when the slurry flows under a blade, 
fon-ning a film on a moving carrier substrate, and is then dried. An alternative method is to 
pour the slurry onto a flat surface and move the blade over the surface to form the film. Once 
the tape has been dried, it is rubbery and flexible and has a very smooth surface. The green 
ceramic sheets are then separated from the support and cut ready to be sintered. 
1.5.4 Selection of the compounds 
1.5.4.1 Powder 
The typical powders used for tape casting have a particle size in the range of 1-5 microns and 
a specific surface area of about 2-5 M2/g [1101. Finer powder will produce a smoother surface. 
In order to achieve high particle packing, the powder must have a small particle size, but this 
cannot be too small as it would imply a higher surface area and therefore a high shrinkage 
coefficient and large amounts of additives. This would pose problems during the drying and 
burning stages. 
1.5.4.2 Binder, Plasticizer, Solvent and dispersant 
Dispersion of particle aggregates and powder agglomerates is done by ball milling or 
vibratory milling with the solvent and the dispersant. This is an essential step as the tape 
homogeneity must be very high to produce a tape having a high quality surface. Dispersion 
also plays a very important role during the sintering process. Indeed, to obtain a uniform 
shrinkage, the homogeneity has to be as high as possible. 
Organic solvents have low viscosity, low boiling point, low beat of vaporization, and high 
vapour pressure; these properties favour the drying process and therefore less heating is 
required, which limits degradation of other additives. 
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To produce good quality tape-casting slurry, it is necessary to include the following 
components: a binder, a plasticizer, a dispersant, a wetting agent and an antifoarn agent. Each 
composition must be selected and optimized for a specific solvent. Solvents commonly used 
arc methyl ethyl ketone (MEK), alcohols, toluene, hexanc, trichloroethylenc, and water 11081. 
The solvent used in the preparation of the slurry must dissolve the organic additives that are 
added to the slurry, that is the dispersant, the binder and the plasticizers. However, the powder 
must be chemically stable and not react with the solvent. A very important property of the 
solvent is its surface tension. Organic liquids used in tape casting usually have lower surface 
tension than water. It is therefore important to find the ideal combination between the solid- 
vapour, solid-liquid and liquid vapour interfacial energies. The lower the surface tension, the 
better the wetting properties of the suspension will be, but it is necessary for the liquid-vapour 
interfacial energy not to be too high. Organic solvents have a low viscosity, low boiling point 
and high vapour pressure. Evaporation is easier than in water and lower drying times are 
achieved [ 109). The main drawback with organic solvents is their toxicity. 
To prepare a stable slurry some polarization is required at the solid-liquid interface. The 
stability of the suspension depends on the sign and the magnitude of the total energy of 
interaction between particles [110]. The interaction between the particles can be provided by 
two different mechanisms. The first one is electrostatic repulsion (fonnation of an electrical 
double layer around each particle), the repulsive force decreases with increasing separation 
between particles. The second one is polymeric stabilization, in this case stability is conferred 
through long chain polymers adsorbed onto the particle surface. Stability can only be 
achieved when the repulsive forces are more important than Van der Waals interactions. 
The choice of the binder is also very important. There are several criteria for selection: it must 
form a tough, flexible film when dry; volatize to a gas when heated and leave no residual 
carbon or ash; remain stable during storage; be soluble in an inexpensive, volatile, non- 
flammable solvent. Many different types of binders have been used for the preparation of 
green tapes. They can be either natural or synthetic, and are polymeric molecules with 
molecular weights of 13 000 to 100 000. They adsorb onto the particle surface to form an 
organic bridge between them. Depending on the phase used for slurry preparation, the binder 
used will be different. In the case of aqueous tape casting, PVA and gelatines are mainly used 
whereas for organic tape casting the most commonly used binder is PVB. The plasticizer is 
usually polyethylene glycol (PEG); the addition of the plasticizer contributes to the 
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augrnentation. of the viscosity of the system and therefore must be carefully controlled. The 
last additive that must be chosen is the dispersant. Its addition to the slurry enhances the 
stability of the suspension 1108-1121. 
1.5.5 Composition of the slurry 
Slurry preparation mainly involves the determination of the precise composition of the 
mixture. Depending on the proportions of the solvent, binder plasticizer and the dispersant, 
the properties of the slurry change radically and it can become unsuitable for tape casting 
application. Therefore several properties such as the viscosity and the pH have to be 
optimised by analysing the slurry (zeta potential analysis and viscosity measurements) 
1113,1141. Dispersing and mixing are usually carried out using a two stage milling process. 
The dispersant, solvents and the powder are mixed for 12-24 hours. Next, the binder and the 
plasticizer are added and milling continues for another 12-24 hours to complete the mixing. 
The two stage milling process is used to reduce the scale of inhomogeneity in the slurry 
without degrading the high molecular weight binder molecules. 
After milling, another important stage is the drying process which is coupled with deairing of 
the mixture. Indeed, during the mixing tiny air bubbles are trapped in the mixture, if a 
deairing step is not conducted this will result in the appearance of cracks and punctures in the 
sheet when the tape is sintered, making the ceramic unusable for fuel cell application. 
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2. Experiments descritpion 
This chapter describes the procedures and techniques used to prepare the Fuel cell reactors and 
synthesise the electrolyte materials. It is divided into 6 sections, the first two describe the 
preparation of the fuel cell reactors. The third section presents the method used I'M tile 
synthesis of proton conducting electrolyte material and experimental set up used t1or fuel cell 
testing. The fourth section deals with the set up of the reactor for ammonia synthesis. The 
fifth section describes the methods used to prepare ceramic green shects. The final section 
describes the electro-chernical techniques used to assess the materials' ionic conductivity and 
electronic conductivity as well as the characterization of the working fuel cell. 
2.1 Tubular reactor 
2.1.1 Deposition and preparation of the electrodes 
Fhe set up of the experiments included several components, such as the furnace and the mass 
spectrometer, but more importantly the fuel cell itself, ligurc 2.1. The I'Llel cell is actually a 
catalytic membrane reactor containing the solid electrolyte tube, with the electrodes coated 
onto the inner and outer surfaces of the electrolyte tube. 
Ceramic 
N. 113 
Ar 
Fivure 2.1: Schematic of the experimental set tip of the tubular reactor 
Nil.,, Ar, 112, 
III0 
TO 11111ss 
spectrometer 
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Two types of electrolyte materials were used for the preparation of the cell. The first being 12 
niol % calcia stabilized zirconia and the second 6 mol % yttria stabilized zirconia. These tubes 
were bought ready-made from two different companies. The tube dimensions were similar, 
table 2.1, making it possible to compare the performance of the different materials. 
Dimensions 12 mol% CaSZ 6 mol% YSZ 
Length 28 cm 32 cm, 
Wall thickness 1.07 mm 1.05 mm 
Diameter 6mm 6.1 mm 
Table 2.1: Ceramic tubes characteristics 
The same methods were used for the preparation of the cells and more precisely the 
deposition of the electrode materials. There was only a slight difference in the set up of the 
cells having yttria stabilised zirconia as electrolyte material because the diameter of the tubes 
was slightly bigger therefore the fittings needed to be adapted. 
2.1.1.1 Silver electrodes 
The silver was supplied by Thomas Wolbring GmbH as a paint and needed no particular pre 
treatment before the deposition process apart from dilution, which was done using a specific 
silver paint diluent: iso butyl methyl ketone. Two different methods had to be used for the 
deposition on the cathode and the anode. One was applied on the inside of the tube and the 
other one was applied on the outside. The deposition on the inner surface of the tube was 
carried out by placing a pipette filler on top of the tube and sucking the silver solution up the 
tube. The paint was then left to drain and dry overnight at room temperature. This process was 
only done once as it was noticed that this was enough to get a highly conducting coating. To 
ensure that the coating was continuous; the resistance of the coating was checked before each 
set of experiments to make sure that it had a value lower than I Ohm. 
The deposition on the outer surface of the tube was performed differently; an air spray gun 
was used allowing good control of the amount of paint deposited. The paint was then left to 
dry. The electrodes were fired at 600'C for two hours. A brush was also used to paint the 
silver on the electrolyte but it was much more difficult to get an even coating and control the 
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amount deposited as the paint dried very quickly. As mentioned before, the air spray method 
allowed the control of the amount of silver deposited. Therefore it was possible to produce 
several cells with anodes having different thicknesses. Control was achieved by measuring the 
weight of the electrolyte tube using a precision balance. After each deposition of silver, the 
coating was dried and its conductivity was measured at different points of the surface; in order 
to deposit the lowest amount of silver possible to obtain the thinnest layer possible. In order to 
achieve this, experiments were carried with different amounts of paint deposited on the 
surface of the electrolyte tube. 
2.1.1.2 Platinum electrodes 
The porous platinum used for the experiments was a platinum paste provided by GWENT 
Electronics Ltd. For the inner electrode, the method used to deposit the platinum was identical 
to the one used for the silver. The paint was diluted to obtain the right consistency. However, 
the outer electrode was deposited using a brush as the platinum was much easier to use. Aller 
deposition, the paint was dried at 150'C for 10 minutes using an air dryer and the electrodes 
were fired at 900'C for 2 hours. 
2.1.1.3 Nickel-YSZ anode 
A literature search revealed that nickel is the most commonly used material for anodes in 
SOFC systems, being a good catalyst for the decomposition of ammonia. Therefore, it was 
clear that nickel should be tried as anode material. 
Several methods were used to try to coat the nickel electrode onto the electrolyte as no 
specific method was found in the literature. The raw material was a nickel paste provided by 
Gwent Electronics. 
The first method consisted in simply diluting the nickel paste with an appropriate 
solvent, in this case, dowanol (Dipropylene glycol methyl ether). 
The second method consisted of roughening the surface of the electrolyte to create 
more surface for the adhesion of the diluted nickel paint. 
- The third method involved the addition of yttria stabilised zirconia to the nickel paste 
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- The last method used was to spray the nickel solution instead of painting it onto the 
electrolyte. 
Pure nickel anode 
The deposition method of the nickel electrode varied from the one used for the silver anode. 
The air spray was not used due to the consistency and the drying speed of the paint. The 
deposition was made using a brush. Two applications were needed to make sure that the 
coating was continuous. After each deposition the paint was dried using an air dryer for 5 
minutes. The coating had a dark grey colour. The anode was not operational as it stood and 
needed several treatments before the performance of the cell could be investigated. Indeed, 
the paste provided by GWENT Electronics Ltd, was not pure nickel. It showed no 
conductivity due to the presence of carbon and other impurities in the paste. To bum off the 
impurities the nickel was oxidised in air at 1100'C for 2 hours in a box furnace using a 
hcating and cooling rate of 1OC/min. This allowed the formation of nickel oxide NiO, easily 
rccognisable by its green colour. 
The anode was then reduced in a hydrogen atmosphere (10% I-12P 90% N2) for 2 hours at 
10000C. 
Use of yttria stabilised zirconia 
In the case of SOFCs the requirements for the anode material are mainly: high electronic 
conductivity, thermal expansion compatibility with the electrolyte material and a porous 
microstructure. Thermal expansion coefficients are: 16.9 x 10-6 Ký' for nickel and I I. Ox 10-6K7' 
for YSZ [1]. Therefore a lower amount of nickel will give a closer expansion to the 
electrolyte, so making the anode more compatible. In Ni-YSZ cermet, yttria stabilised 
zirconia acts as a supporting matrix for the metal particles. The nickel and YSZ systems 
should form continuous electronic and ionic pathways respectively. 
The cermet is usually made from yttria stabilised zirconia and NiO powders. Several methods 
have been used for the preparation of cermet anodes: sputtering, tape casting, screen printing, 
gel precipitation and slurry coating but the simplest one is the combustion process. The 
Powder formed from NiO and YSZ is sintered at temperatures of around BOOT for several 
hours and they are then heated in reducing conditions for I hour to reduce the NiO. 
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Yttria stabilised zirconia is known to extend the effective electrolyte zone deep into the anode 
layer, enabling oxide ions to be carried from the electrolyte to the triple phase boundary sites 
where the nickel electrode, YSZ particles and hydrogen meet together. YSZ is a supporting 
matrix for Ni particles ensuring dispersion and preventing them sticking to each other. To 
have good anodic activity, the cermet layer should have: a continuous network structure of 
both Ni and YSZ components, a great number of three phase boundary sites and good 
adherence to the surface of the electrolyte. 
The presence of yttria stabilized zirconia obviously has an influence on the properties of the 
anode material and especially the conductivity. It has been reported that the overall resistance 
of electrodes containing YSZ compared to pure nickel electrodes is significantly lower, this 
could be attributed to the increased number of active sites created by the addition of the YSZ 
powder 13]. 
The sintering process, as has been pointed out, is one of the critical processes in the 
preparation and degradation of the nickel-YSZ cermets. It has also been demonstrated that the 
Ni content is important and that it has a critical effect on the microstructure [4]. However, 
higher Ni content does not always mean higher anodic activity because the TPB sites arc not 
proportional to the Ni content. Therefore the Ni content has to be optimized. 
Several procedures have been reported for the preparation of Ni-YSZ ccrmet: 
- sintering at 1350'C for 4 hours and then reduction in hydrogen atmosphere for 2 hours 
at 800'C [5]. 
- sintering at 1300'C for 2 hours and then reduction in hydrogen atmosphere for 
30 mins at 850"C [2]. 
The sintcring of the anode is the first stage of the preparation of the coating, the second one 
being the reduction of the resultant nickel oxide. A study was conducted to estimate the 
kinetics of the reduction of NiO and NiO/YSZ [6]. This revealed that reduction of NiO is a 
very fast process and occurs at temperatures as low as 600'C. At 800*C, 90% of the nickel 
Oxide is reduced after 2 hours. The reduction thickness has been calculated as a function of 
the temperature and the reduction time. At 8000C, experimention showed that on average 249 
microns are converted in I hour. 
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9 Preparation of the paint 
Several Ni-YSZ cermets were prepared using different yttria stabilized zirconia weight 
contents in order to study the influence of the powder on the performance of the cell. Two 
types of powders were used for the experiments: a3 mol % yttria stabilized zirconia and an 8 
mol % yttria stabilized zirconia both provided by Unitech Ceramics Ltd. The particle sizes of 
the two grades of YSZ were 0.4 micron and 2 microns for the 3YSZ and the 8YSZ 
respectively. The first step consisted in mixing the powder and the nickel paste. The mixture 
being too thick, an adequate solvent, dowanol (Fisher UK Ltd), was used to dilute the paste 
and help the mixing. Six different cermets were then prepared with a decreasing YSZ weight 
content: 75,50,33,25,12 and 6 percent. 
Tlhe paint was then applied on the electrolyte tube using a brush. It was dried with an air drier 
for 5 minutes to ensure a good distribution of the paint and make sure that the yttria stabilized 
zirconia particles would not move and concentrate on a particular side of the tube, due to 
gravity. 
9 Sintering process and reduction 
It has been shown that the sintering is very important in the preparation of the cermet; 
therefore the operating conditions were carefully chosen and kept constant for the preparation 
of all the coatings. According to the literature the sintering temperature should be between 
1200 and 1500'C. The sintering temperature was chosen to be 1300*C. The tubes were heated 
in air using a box furnace and kept at 1300'C for 2 hours. This ensured complete oxidation of 
the nickel to NiO. 
The reduction process was carried out in a tube furnace. The electrode-electrolyte tube was 
heated in a reducing atmosphere (50% H2t 50%N2) at 1000'C for 2 hours ensuring complete 
reduction of the nickel oxide. After the reduction, the resistance of the coating was measured 
to determine if they were suitable for testing under operating conditions i. e. lower than I olim. 
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2.1.2 Experimental setup of the tubular reactor 
2.1.2.1 Description of the setup 
The use ofa tubular design meant that a method of electrically connecting tile fuel cell had to 
be designed. In order to be able to perform the measurements for the FMF, an extra coating 
was applied at one end of the electrolyte tube to ensure the connection to the inside of the tube 
(cathode). Steps were taken to ensure that the covered surface was not ill contact with tile 
anode as shown on figure 2.2, this was to avoid a short-circuit. 
Figure 2.2: Scheme of the tube with the anode and the cathode 
Once the preparation of the cell was finished, the complete system was put in place. This 
mainly involved the assembly of the cell shown in figure 2.2. The first step was the cutting of 
the quartz tube. Then the fittings, the quartz tube and the graphite ferrules were assembled to 
form the main body of the cell. A delicate part of the assembly procedure was tile tightening 
of the fitting around the quartz tubes to make sure that there were no leaks. tile joints needed 
to be really tight but the quartz tubes can be easily broken. The end fittings had to be 
machined to fit the electrolyte tube diameter. This was done to make sure that no stress Would 
be applied on the tube during the tightening process because this could result in breakage. 
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Figure 2.3: Picture of the cell assembled 
When the setup was complete, figure 2.3, the system was tested for faults. The major source 
of problems is the cell itself as there are many connections, which could be the sources of' 
leaks. To verify that there were no leaks, nitrogen (2 bars) was passed through the cell and 
soapy water was applied at all the connection points. The presence ofleaks was shown by the 
appearance of small bubbles. If bubbles appeared, the fittings were tightened and the 
procedure repeated until complete disappearance of the bubbles. This ensured no loss of' flow 
throughout the cell and more precision in the analysis of tile composition of tile out coming 
gases. 
To make sure that good electrical conduction was achieved within the circuit, tile electrical 
connection points were checked using a multirneter. This means that the conductivity of the 
anode and the cathode were checked before the experiments after the cell 11"Id bcc11 
completely assembled. 
The cell was then placed inside the furnace and the final connections with the Ileed tubes and 
the mass spectrometer were made. 
A simpler design was used when the outer electrode was considered to be the cathode. In this 
case there was no need for a quartz tube to protect the anode firom any traces of oxygen. Only 
two connections were needed for the inlet and the outlet of the tube. The electrolyte tube was 
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long enough to come out of the tubular furnace therefore making it much easier to make the 
electrical connection points. 
To n 
Spec, 
Figure 2.4: Laboratory apparatus setup of the tubular reactor and the furnace 
Figure 2.4 shows the setup that was used for the experiments using the tubular fuel cell. It 
consisted of: a high temperature vertical furnace, two mass flow controllers (Argon, NIIA a 
multimeter and a mass spectrometer to analyse the outlet stream composition. In addition to 
the mass flow controllers, a digital flow meter was used to measure the gas flow rates with 
precision to ensure a good repeatability of the experiments and enable the complete study of 
the characteristic of the cell. Another mass flow controller was used for the experiments 
carried out with hydrogen. To regulate the temperature, a thermocouple was placed inside the 
furnace therefore measuring the temperature at anytime, making sure that it was constant 
during the whole period of the experiments. Another thermocouple was used to double check 
that the temperature given by the furnace was exactly the temperature in the cell. To achieve 
this, the extra then-nocouple was placed inside the tube. Glass wool was put at both ends of 
the furnace for insulation therefore keeping the temperature constant. The heating rate for the 
experiments was 4'C/min and the cooling rate was the same to avoid any thermal shock and 
risk of damage to the ceramic, as cracks could form if it was cooled down too quickly. Even 
though the furnace was well insulated the temperature was not constant. 
76 
Chapter 2: Experimental section 
2.1.2.2 Experiment parameters 
During the series of experiments that were carried out, several parameters were varied: the 
carrier gas, the source fuel, the load, the temperature and the gas now rates, which are 
described below: 
- Argon and nitrogen. 
- Ammonia and hydrogen for the evaluation of the ability of ammonia to be a 
replacement for hydrogen. 
- The operating temperature range was from 500T to 900T. 
- Both ammonia and argon flow rates were varied in order to study the influence of both 
the ammonia content and flow. 
- Load from 0.1 Ohm to 10000 Ohms in steps of 1000. 
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FIgure 2.5: Temperature profile in the furnace 
The temperature profile in the furnace is shown in figure 2.11 and it is important to note that it 
is not uniforin and therefore makes it difficult to evaluate the active part of the catalyst in the 
furnace. The operating temperature was determined using an average value as shown in figure 
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2.11. The active surface of the catalyst was taken between 7 and 17 cm and kept for all the 
calculations made in chapter 3 for the tubular design. 
To study the influence of the ammonia flow rate, the ammonia flow was varied from 6 ml/min 
up to 70 ml/min but its content (50%) was kept constant by modifying the argon flow rate. 
To study the influence of the ammonia concentration, the argon flow rate was kept constant 
(12 ml/min) and the flow rate of ammonia was varied. 
The determination of the performance of the cells (determination of the IN curves) was 
carried out by applying different loads on the cells. This was done by using a variable load 
taking values from 0.1 Ohm to 10000 Ohms in steps of 1000 Ohms. The load was directly 
connected to the cell using electrical leads. The load was tested with a multimeter prior to the 
cxperiments to make sure that the value given on the device was exactly what was actually 
applied to the cell. 
2.1.2.3 Cell characterization using pumping oxygen experiments 
One way of characterising the anode materials is by pumping oxygen and therefore 
determining their ability to let the oxygen ions diffuse. To carry out these experiments the cell 
was connected to a potentiostat. This allowed the application of voltages from -2V to 4V. 
Argon was used as a carrier gas to bring out the generated oxygen. The cell was connected to 
the mass spectrometer to determine the different species in the gas stream. The amount of 
oxygen generated can be quantified by the current passing through the cell when the voltage is 
applied. These readings were taken from the potentiostat. 
2.2 Laminated Reactor design 
The electrolyte material used for this reactor was a non-sintered flat green sheet of yttria 
stabilized zirconia provided by CERAFLEX. This type of sheet contains 8 mol % of yttria 
stabilised zirconia. They have a thickness of 670 microns +/- 67 microns and after sintcring 
the thickness is reduced to 500 microns +/- 50 microns. The complete specifications of the 
material are given in table 2.2: 
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Formula Zr02 with 8 mole % yttria 
Thickness 0.500 mm. after firing 
Y203 
-13.79% 
A1203 
- 0.074% 
Material Composition (wt%) 
Si02 
- 0.032% 
Fe203 
- 0.003% 
MgO - 0.001% 
Na2O - 0.035% 
Density 5.85 g/CM3 
Flatness 50 gni/inch 
Surface Roughness (Ra) approx. 0.1 gm 
Bending Strength (at 25"C) 40 kgFmm 2 
Coefficient of thermal 9.5 x 10-6/oC expansion (25 - 800"C) 
Thermal conductivity (at 25'C) 6.7 x 10-3 cal/cm-s-C 
600*C 120 ohm-cm 
Resistivity 7001C 30 ohm-cm 
80011C 20 ohm-cm 
Table 2.2: YSZ green sheet properties 171 
2.2.1 Reactor design of the micro laminated reactor 
A cube shaped reactor was designed. The design was similar to a one-pass heat exchanger. It 
offers the possibility of having either a co-current or a counter- current flow of the gases in 
the reactor. The reactor basically consists of several sheets of the ceramic material placed on 
top of each other. The sheets have a different design in order to create the channels when the 
reactor is assembled. There were two types of sheets as shown on figure 2.5: top and bottom 
sheets, A and B. 
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Figure 2.6: Detailed schematic of the laminated reactor 
2.2.1.1 Oxygen and Ammonia feeds 
Four ceramic tubes (length = 12 cm, outer diameter = 0.5 cm, inner diameter = 0.3 cill) were 
connected on the top sheet and the bottom sheet of the reactor where two holes had been 
pierced beforehand. To seal these tubes high temperature cement was used. I ligh temperature 
cement (OmegaBond 600 powder mixed with water) was provided by Oniega Engineering 
Inc. in the form of a powder. In order to obtain a paste, the powder was mixed with all 
aqueous binder. The tubes were added one at a time to the reactor to ensure good adhesion. 
Fittings were attached to the tubes before they were put on the reactor. 
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2.2.1.2 Deposition of the electrodes 
The materials used were silver and platinum. The silver and the platinum were supplied in the 
form of paints and were applied using a brush. The first method used for the deposition of the 
silver was to introduce a pipette in the hole made on the top sheet and pour the silver solution 
into the reactor; however this method was abandoned because the reactor to which it was 
applied was abandoned (ref. Chapter 5). The second method was to paint the electrodes using 
a brush. 11 
2.2.1.3 Current collectors 
To collect the current, two types of wires were tried: tungsten wires and silver wires. They 
were put in contact with the electrodes inside the reactor (figure 2.6). Tungsten wires were 
coated with platinum because when tungsten is heated at high temperatures in presence of 
oxygen, there is formation of tungsten oxide W03 and therefore a loss of conductivity and 
ultimately destruction of the wire. These wires were then coated with platinum to avoid 
oxidation, however they were abandoned as using silver was much easier as no oxidation was 
taking place. The wires were connected to a multimeter and a variable resistor. The resistor 
could be varied from I- 10000 ohms. 
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NHý 0,9- ai rrt-n t 
Figure 2.7: Schematic of the reactor 
2.2.2 Assembly of the reactor 
The first step in the preparation of the reactor was the CUttlng of' the diflýrcnt sheets 
constituting the reactor. In order to have a clean cut, a punch with sharp ends was prepared I*or 
the smaller holes and a scalpel was used for the big holes. They were then simply pressed 
onto the material using a hammer. 
According to the supplier, it was impossible to seal two sheets together without tile use of' a 
ceramic cement, to verify this two tests were carried out; by simply cleaning the surface ofthe 
green sheets using a solvent and assembling them together using manual pressure or by 
applying a load of 15 tons. 
The two samples were then sintered at 1400'C for 2 hours, they both showed very good 
adhesion of the sheets. It was impossible to separate the sheets without breaking them. 
Theref'ore the use of a ceramic adhesive to seal the several sheets was not required. 
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Figure 2.8: Top view of the reactor before sintering 
ý igurv 2.9: Photograph of the five sheets constituting the reactor 
Two methods of building the reactor were used. The first one involved the assembly ofall the 
sheets (figure 2.8) and creating the reactor (figure 2.7) in a single step. Once the reactor was 
assembled, it was sintered at 1400'C for 2 hours. The temperature rarrip used was I 'C/1-nin 
and the cooling rate was VC/min. 
The other method used for the preparation of the reactor was a two stage process, the first 
stage involved the sintering of the sheets separately, which means that sheet 2 and 3 were 
sintered together and sheets 4 and 5. This method was used to make it easier to deposit tile 
electrode material onto the electrolyte. Once the sintering process was complete and tile 
electrodes had been applied, the 3 parts were assembled. In order to do this, high temperature 
cement supplied by Omega was used; the cement powder was mixed with a binder to create 
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the paste that was applied on the different parts of the reactor. After the assembly of the 
reactor, it was left to dry for 24 hours. 
2.3 Preparation of the proton conducting electrolyte 
Several methods can be used for the preparation of these materials. There are three main 
processes used for the production of proton conducting powders [7]. The first one is the 
oxalate co-precipitation route: stoichiometric ratios of Ba(N03)2 and Ce(NO3)3,61120 are 
dissolved in deionised water and heated to boiling state. Excess hot aqueous ammonium 
oxalate is then added to the solution. The solution is mixed thoroughly to effect instantaneous 
co-prccipitation. The precipitate is kept at room temperature to allow the crystallization to 
take place; it is then filtered and dried at 100'C for 24 hours. The second route is to mix 
stoichiometric ratios of BaC03 and Ce02 powders and ball mill them in isopropanol for 24 
hours. The resulting slurry is then calcined at 1300*C for 10 hours in air. The third method 
used for the preparation of barium cerate is to mix in stoichiometric ratio powders of BaCO3 
and Ce02 and then grind them in a mortar with pestle for half an hour. The precursor powder 
is then calcined at 13000C for 10 hours. A similar method was used by Pelletier [161. The 
method chosen for the preparation of the barium cerate was the second route. The mixing 
process being the easiest and the most consistent as after 24 hours of ball milling, the mixture 
is likely to be a uniform suspension. 
2.3.1 Method used for the preparation of the barium cerate 
The base materials used for the production of barium cerate were barium carbonate (BaC03) 
and cerium oxide (Ce02). Both powders were supplied by Aldrich Co. Stoichiomctric 
amounts of both powders were put in a glass bottle (150 ml). Isopropanol was then added to 
the powders as well as small cylindrical shaped ceramic (L=Icm and D=0.5 cm) pieces to 
help the mixing. The resulting slurry was then ball milled for 24 hours to ensure a perfect 
homogeneity. 
After 24 hours the paste was then poured into alumina boats, these boats were placed in a box 
furnace (figure 2.9) for 10 hours at 1300'C in air. The heating rate and the cooling rate used 
for the calcination process were identical and chosen to be 20C per minute. 
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The general equation of the reaction is: 
BaCO3+ CeO2-> BaCeO, + C02 
Once the calcination process had been carried out, the resultant powder was placed in a rubber 
vessel with zirconia balls and shaken using an 8-branch "vibrating" machine for 24 hours to 
obtain a fine barium cerate powder. The machine was set on maximum speed. 
The characterization of the powder was done by carrying out different types of experiments. 
The powder was analysed by doing XRD measurements to ensure that they had the desired 
structure and composition. 
2.3.2 Preparation of the Nd-doped barium cerate powder 
Neodymium-doped barium cerate is a material that has been widely studied; focus has been 
put on its proton conducting properties and structural properties. Therefore its preparation 
method is a well documented process [7-101. The preparation method of the neodymium 
doped barium cerate was the same as the method used for the preparation of the barium cerate 
powder. The only difference came from the addition of neodymium powder to the other 
powders in the initial mixture. The amount of Powder added was carefully calculated using 
the stoichiometric ratio. The ball milling time was kept identical and the calcination process 
was carried out at the same temperature. 
The general reaction of calcinations is: 
BaCO3 + (I - x)CeO2 + -x 
Nd2o3 
-> BaCe, -., 
Nd,,, 03-, + C02 
2 
Where x is the percentage of the dopant in the barium cerate. 
2.3.3 Preparation of the doubly doped strontium cerate 
Doped strontium cerates are the other main family of proton conducting materials [ 171. Their 
Properties have been extensively studied since the discovery, by Iwahara, of their ability to 
conduct protons. There are several ways of preparation, which are similar to those used for the 
preparation of doped barium cerates. The route chosen for the experiments was the solid state 
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one, as was used for barium cerate. In this case, doubly doped strontium cerates were 
prepared as a recent study [16], showed that doubly doped cerates exhibit better proton 
conduction than singly doped ones. Four types of powders were thoroughly mixed and fired at 
BOOT in air for 10 hours before being milled for 12 hours and then pressed into pellets and 
sintercd at 1350*C for 10 hours. The powders were strontium carbonate (SrCOA Cerium 
oxide (CcO2), gadolinium. oxide (Gd203) or neodymium (Nd20A and prascodymium oxide 
(Pr601 1), all supplied by Sigma-Aldrich. 
The general calcination reaction is the following one: 
SrCo. + (1 -X- Y)Ce 02 +X Gd2 03 +1 Pr. OU --> srcel -X-Y 
Ndx Pr 
Y0 3-a 
+ Co 2 
26 
Where x is the percentage of Gd and y the percentage of Pr. 
2.3.4 Testing of the proton conducting material and the YSZ powder 
The experimental apparatus employed for the electro-catalytic measurements was a two- 
chamber reactor. 
These experiments require the preparation of pellets which is a very simple process: 
- The powder was ground in a mortar with a pestle for 5 minutes to eliminate any 
agglomerates that could be left from the ball milling. 
- The powder was then poured into a 20 mm diameter die (figure 2.9), where a small die 
had been inserted. 
The surface of the powder was flattened using the piston. 
A pressure of about 50 MPa was applied for I minute using a press. 
The resulting pellets were then sintered for 6 hours in air at temperatures from 13000C 
to 16000C for YSZ, 13000C tolSOOC for the barium cerates and 1350'C for the 
doped strontium cerates. 
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Die 
Pellet 
Small die 
Figure 2.10: Schematic of the die used to prepare pellets 
The pellets were then polished using a fine diamond brush to obtain a smooth surl'ace. Pellets 
with different thicknesses were produced by smoothing them down using a polishing device 
and the dianiond brush. 
The reactor consisted of either a non porous ceramic tube or a quartz tube with an inside 
diameter of 16 mm, an outside diameter of 20 mm and a length of 30 cm. The tube was open 
at both ends, at one end two tubes were fitted for the arnmonia 11ced and the escape of' tile 
reaction products (1-12 and N2) figure 2.10. 
Feed tube 
Pei 
112o 4 
Air 
Figure 2.11: Gas flow within the pellet reactor 
N113, Ar 
, 
112, N2, Ar 
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At the other end of the tube a pellet of the chosen material was placed. Two electrodes films 
were deposited on the two sides of the disk. The electrode materials tested were silver, 
platinum and nickel. The pellet was fixed to the end of the tube using a high temperature 
resisting sealant (Autostic, FC6, provided by Fortafix). The sealant was an alkali silicate glass 
non-conducting paste that was applied with a brush. Once the sealant was dried, tile reactor 
was fired at 600'C for 2 hours. It was then tested for leaks. The current collector ior the anode 
was painted on the inside of the support tube. For the cathode, the current collector was a 
silver wire connected to the cathode using silver paint. The wire was attached to the support 
tube using the high temperature cement to make sure that it would not move during the 
experiment and cause the breakage of the connection between the wire and tile electrode. A 
photograph of the reactor is given in figure 2.11. 
Figure 2.12: Photograph of the pellet reactor 
2.4 Ammonia synthesis reactor 
The reactor that was designed for the ammonia synthesis experiments is similar to that used 
for the testing of the pellets. In this case there is another quartz tube used to control the 
atmosphere on the cathode side as shown in figure 2.12. This two-charnbcr reactor offlers a 
88 
Chapter 2: Experimental section 
great ease of production as the added quartz tube is glued using high temperature cement 
(Autostic) on the first tube and not at the connection between the pellet and the small tube. 
Less stress is therefore applied on the cement causing less breakage problems. To allow the 
gases to come out of the reactor, an extra hole was pierced in the rubber bung. The gases were 
then bubbled in different acidic solutions to measure the amount of ammonia produced and 
the reaction rate. A diluted hydrochloric solution was used as well as sulphuric acid to see if it 
has an effect on the adsorption of ammonia. The variations of the p1l of the solution indicate 
how fast ammonia is produced. Two setups were used for the p1l measurement: 
the acid was left at ambient temperature 
the acid was cooled down using ice. 
The exact amount of ammonia dissolved was measured using an Interpet Ammonia test kit 
and UV spectrometry as described in paragraph 2.6.5. 
pH-4 
Figure 2.13: Schematic of the reactor used for ammonia production 
Alumina tube 
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2.5 Preparation of an yttria stabilized green sheet 
The preparation of an yttria stabilized green sheet is a complex process and requires several 
steps. The base powder used for the experiment is an 8 mol % yttria stabilized zirconia 
powder supplied by Unitech Ceramics ltd. This material was characterized for particle size 
and zeta potential. 
2.5.1 Particle sizing 
The d5o of the yttria stabilized zirconia powder used for the tape casting was determined using 
a particle sizer device (Mastersizer). A few droplets a solution of deionised water mixed with 
yttria stabilized zirconia powder were introduced in the particle sizer and the data were then 
collected. The experiment was carried out three times to check for good repeatability. 
2.5.2 Determination of the zeta potential of the powder 
To prepare a stable slurry some polarization is required at the solid-liquid interface. The 
stability of the suspension depends on the sign and the magnitude of the total energy of 
interaction between particles. The interaction between the particles can be provided by two 
different mechanisms. The first one is electrostatic repulsion (formation of an electrical 
double layer around each particle), the repulsive force decreases with increasing separation 
between particles. The second one is polymeric stabilization; in this case stability is conferred 
through long chain polymers adsorbed onto the particle surface. Stability can only be 
achieved when the repulsive forces are more important than Van der Waals interactions. 
To carry out the experiments, a large number of samples with pHs ranging from I to 13 were 
prepared. A small amount of yttria stabilized powder was mixed with deionised water to 
prepare the base solution. The pH of the solution was modified by adding small amounts of 
hydrochloric acid and sodium hydroxide solutions. The pH was measured using a calibrated 
pli meter. Once the pH of the solution was stable, 20 ml of the solution were introduced in the 
zeta potentiometer using a syringe and the reading was taken. After each measurement the 
sample tube was rinsed with deionised water. 
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2.5.3 Composition of the slurry 
The second step of the preparation of the green sheet is the preparation of the slurry that will 
be tape cast. The determination of the composition of the slurry is one of the most important 
steps involved in the preparation of a ceramic green tape. Studies carried out on the 
production of yttria stabilized zirconia green tapes have provided a number of compositions 
depending on the solvent used [12-14]. Maiti et aL, [121, give a detailed composition for the 
preparation of anorganic-based slurry. This recipe was followed for the preliminary 
experiments (table 2.3). 
Compounds Quantity 
Turpentine (ml) 1.5 
Powder (YSZ) (g) 50 
MEK (ml) 15 
Isopropanol 10 
Binder (PVB) (g) 2 
Di-butyl phthalate 
(MI) 
6 
PEG-400 (ml) 2.5 
Table 2.3: Organic based slurry composition 1121 
The preparation is done in several stages presented in figure 2.13. 
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Mixing of dispersant, 
powder and solvent 
Addition of binder 
plasticiser + mixing 
De-airing by vacuum 
treatment 
Casting 
Drying at room 
temperature 
Figure 2.14: Tape casting process 
Mixing is a continuous process done by ball milling. One of the most important stages is the 
de-airing process. During milling, small air bubbles are trapped in the mixture. These bubbles, 
if not removed, will cause the formation of cracks and holes in the ceramic sheet during the 
sintering. Therefore the slurry is placed in desiccators under mild vacuum for 24 hours to 
ensure that all the air is removed. After this operation has been carried out the slurry is ready 
to be cast. The slurry is poured onto a polypropylene support for easy removal of the sheet 
after the drying. The drying process is very simple, the sheet once cast, is left to dry at 
ambient temperature without any further treatment. 
The resultant green sheet was sintered at temperatures ranging from 13000C to 1600"C for 6 
hours, using heating and cooling rates of I 'C per minute. 
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The process used for the preparation of the water-based slurry was exactly the same as per the 
organic solvent based slurry. In this case, the composition of the slurry is presented in table 
2.4. 
Compounds Weight 
Darvan C 2% 
Powder (YSZ) (g) 66% 
Dionised Water 30% 
Gelatine 2% 
Table 2.4: Water based slurry composition 
2.6 Analysis and characterization methods 
2.6.1 Archimedes method 
One of the factors characterizing ceramics is the relative density. This value allows the 
determination of how well the ceramic has been prepared. However, measuring this value is 
often difficult due the non perfect shape of the samples. Archimedes's method offers the 
possibility to determine this value easily. Four steps are involved: 
1) The sample is weighed in air 
2) The sample is immersed in water and placed in a desiccator to fill up all the pores 
3) The sample containing water is weighed in air 
4) The sample containing water is weighed in water 
The relative density is then given by the following formula: 
Mair 
-p ....... 
[151 
Mwet, 
air - 
Mwet, 
water 
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2.6.2 Mass spectroscopy 
Analysis of the inlet and the outlet gas was performed by online mass spectrometry figure 
2.14. Mass spectroscopy is a very useful method to determine a gas mixture composition and 
therefore to calculate the conversion of the reactants of the amount of' products in the Out 
coming gases. Two mass spectrometers were used during the experiments. In both cases, 
before any calculations or measurements could be carried out, the mass spectrometers had to 
be calibrated. Calibration was done for the main gases: Ammonia, Nitrogen and Argon. No 
calibration was done for hydrogen as it is a very light gas, meaning that it is very difficult to 
pump and to obtain a precise signal. The calibration for the different gases was done by fixing 
Ow flow rate for the chosen gas and varying the flow rate of the carrier gas. The calibration 
curves are given in Appendix A2. Problems were encountered during the calibration due to 
condensation problems at the mass spectrometer inlet. Ammonia and water was accUlnUlating 
at the inlet ofthe mass spectrometer therefore blocking the passage of the gases. To remedy 
this problem, the polyethylene capillary was replaced by a heated capillary. This proved to be 
the right decision to take as the calibration could be achieved and the results could be repeated 
94 
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2.6.3 2-Point impedance spectroscopy 
2.6.3.1 Description of the method 
This method is widely used for the determination of the properties of materials. It allows the 
characterization of physical properties such as the conductivity as well as structural 
properties. Electrochemical impedance spectroscopy has been used to give information on a 
wide variety of subjects like corrosion rates, testing of batteries, surface treatments, 
conduction mechanism for ceramics. This method presents several advantages such as a short 
measuring time, high accuracy and capability of continuous measurement; however these 
measurements can be perturbed by external signals. This technique was used for the 
characterization of the pellets used in the fuel cell. 
Electrochemical impedance spectroscopy (EIS) is a technique consisting of the application of 
a small perturbing current or voltage to an electrochemical system and measuring the response 
of the system. The response of the system can be described through the notion of impedance, 
Z, which is defined as the transfer function between the voltage and the current signal. By 
describing the impedance theoretically, it is possible to get an insight into the 
physicochcmical. interpretation of EIS experiments for the measurement of fundamental 
physical properties. EIS is commonly analyzed by fitting it to an equivalent electrical circuit 
model. This circuit is generally composed of resistors, capacitors, inductors and constant 
phase elements. Using this method enables the quantification of different resistances in the 
system caused by: the anode, the cathode and the electrolyte and others phenomena such as 
polarization resistance or charge transfer resistance. It is therefore possible to evaluate the role 
played by each of the components in the voltage losses. This technique is oflcn used to 
measure ovcr-potentials using symmetric half cells. This method can only be used to measure 
Ova-potentials near open circuit conditions. 
It is important to notice that the impedance of a resistor is independent of the frequency and 
has no imaginary component. In contrast the impedance of an inductor and a capacitor are 
frcqucncy dependent. The impedance of an inductor increases as the frequency increases and 
the impedance of a capacitor decreases as the frequency is raised. 
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Common Electrical elements 
Component Current vs Voltage Impedance 
Resistor E=I. R Z=R 
Inductor E=L. di/dt Z =j. l. (O 
Capacitor I=C. dE/dt Z= I/j. C. CO 
Table 2.5: Common electrical elements used to describe electrical circuits 
Table 2.5 presents the three elements most commonly used in electrical circuits and their 
impedance. 
Constant phase element 
Capacitors often do not behave ideally; they act like constant phase element. The impedance 
is therefore different: 
For a capacitor it can be written as follows: Z= A(jw)-' where cc is equal to one. In the case 
of the constant phase element a is less than one. cc is treated as an empirical constant and has 
no physical basis. 
The circuit to describe the cell is rarely a single circuit element; both serial (figure 2.15) and 
parallel (flgure 2.16) combinations of elements are used: 
Zfq ýý ZI + Z2 + Z3 
figure 2.16: Impedances in series 
96 
Chapter 2: Experimental section 
II 
+Z .112 
+Z3 
Figure 2.17: Impedances in parallel 
As it has been presented, the impedance possesses a real and an imaginary part. If the real part 
is plotted on the x axis and if the imaginary part is plotted on the y axis of a chart, we obtain a 
"Nyquist plot". 
On the Nyquist plot the impedance can be represented as a vector of length: the module of 
Z= IZI. The angle between the vector and the x axis is the argument of Z. These graphs have 
a disadvantage, which is that the frequency is not shown on the plot; therefore it is impossible 
to know exactly at which frequency a point has been recorded. 
A typical plot is a semi-circle, which is characteristic of a single "time constant". 
Electrochemical Impedance plots often contain several semi-circles, which is the case for the 
SOFCs. 
The other method to represent the data is the Bode-plot. Log(Z/Zo) and the phase shift are 
plotted versus the frequency. 
*Me number of arcs present in the Nyquist plot corresponds to the number of processes 
occurring at the interface being tested. However, there is more than one equivalent circuit for 
a given Nyquist plot. Indeed, two arcs can be modelled by different combinations of electrical 
elcmcnts, which makes it more difficult to interpret. 
2.6.3.2 Experimental setup 
The pellets prepared using the method described earlier (paragraph 2.3.4), were coated with 
silver on both faces. This is required to measure the electrochemical properties of the 
Clectrolyte material. Using the arrangement shown in figure 2.17, they were characterised 
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through EIS measurements perfon-ned using a dielectric interface 1296 Solartron and a 1255 
Solartron Frequency Response Analyser. The combination of these two devices allows the 
measurement of low conductivity. The impedance measurements were carried Out over a 
ftquency range from 0.01 Hz to I MHz with a 0.1 V ac signal amplitude at equilibrium 
potential. A description of the sample holder is given in figure 2.18; the sample holder was 
placed in a tubular furnace where the atmosphere Could be modified depending on the type of 
experiments. The atmosphere for the measurements of the properties of the ceramic materials 
should remain constant and was chosen to be argon. The temperature is another important 
factor involved in impedance measurement, the temperature of the furnace was controlled by 
the impedance software. A delay of one hour was chosen before the measurements started, 
this was to ensure uniforin temperature of the system. 
I. - 
re 
i i; 4w 1 2.18: Photograph of* the apparatus used lor impedance measuremen(s 
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Figure 2.19: Schematic of the sample holder for 2-point IS measurements 
To dielectric 
interface 
This two-electrode set up allows the measurement of the impedance of the electrolyte material 
and does not give any particular information on the characteristic of the electrodes 
themselves. This is just a method to characterise the electrolYte material. 
2.6.4 Scanning electron microscopy: SEM 
An electron microscope functions exactly like an optical microscope except that it uses a 
focused beam of electrons instead of light to "image" the sample and get information about its 
structure. The principle on which it is based is fairly simple; a beam of electrons is generated 
by heating a metallic filament. The beam is then accelerated and 116cused onto the sample 
using a series of electromagnetic lenses. Once the electrons hit the sample other electrons are 
emitted which are gathered by detectors converting them into a signal, itself transmitted to a 
viewing screen giving the image. The apparatus used for the characterisation of the samples 
was a I-E. 0 1530 VP (variable pressure) supplied by GEMINI. This enabled photographs to be 
taken at different magnifications, from 20 microns down to I micron. 
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2.6.5 IN spectrophotometry 
A Spectrophotometer was employed to measure the amount oflight that a sample absorbs; this 
technique is therefore very useful for the determination of the concentration of dissolved 
compounds when the solution's colour varies with the concentration. An Interpet aninionia 
liquid test was used for the coloration of the solution. UV measurements were carried Out With 
a Perkin Elmer M UV-Vis Spectrophotometer. 
The calibration of the spectrometer was done by preparing Solutions with a known 
concentration of ammonium ions using a 32 % ammonium hydroxide solution. 7 solutions 
with the following concentration were prepared: 0 mg/l, 0.5 mg/l, I mg/l, 2 mg/l, 4 mg/l, 6 
mg/l and 10 mg/l. Figure 2.19 shows the colour scale obtained for the different 
concentrations. 
2 m-II 4 nig11 10 0 mgl 0.5 ingl 1 Ing11 6 mg11 
ALA fiiil"- 
Figure 2.20: Complete colour range used for the calibration of the spectrophotometer. 
From the UV analysis of the 7 samples, figure 2.20 it was then possible to plot the calibration 
curve figure 2.2 1. 
loo 
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Figure 2.21: UV spectra for the different ammonium ions concentrations. 
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FIcure 2.22: Calibration curve for ammonia concentration 
Each sample produccd was analysed following the same method. The tinic clapsed between 
die beginning and the end of the experiment was carefully noted to be able to dctcrinine the 
Me of production of ammonia. A5 ml sample was taken and the different colouring agcnts 
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werc added. The UV analysis was carried out 10 minutes after the addition of the agents to 
give the solution enough time to reach the final colour. The UV measurement was repeated 
twice. 
2.6.6 X-ray diffraction 
X-ray diffraction or XRD technique was used to characterize the materials synthesized and 
cnsurc that the desired composition was achieved. This technique is based on the interaction 
between x-ray radiation and the sample. As the x-ray radiation passes through the sample 
radiations are emitted at characteristic angles which allow determining the structure of the 
compound and the precise composition. The proton conducting powders produced for 
ammonia synthesis and fuel cell application were therefore characterized using this technique. 
The files obtained were matched against JCPDS data base. The unindexed peaks are caused 
by the alurniniurn from the sample holder. 
2.7 Simulation 
A piece of software called Femlab created by COMSOL Inc using finite element analysis was 
LLscd to simulate the different phenomena occurring in the reactors. This soflware allows the 
specification of the equations required for the calculations, the operating conditions (gases, 
temperature, pressure, velocity ... ) and the boundary conditions. The generated results can 
be 
rcpresented in different formats such as surface, lines or arrows. 
The software was used to model both the annular design and the pellet design. It offers the 
possibility of calculating the concentration profile and the velocity profile. It helps in 
investigating the influence of the velocity and the concentration of ammonia in the system. 
The equations used for the simulations are the Maxwell-Stefan diffusion and convection 
equation and the Incompressible Navier-Stokes equation. 
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Chapter 3: 
Solid Oxide Fuel Cell 
The most popular designs for solid oxide fuel cells are the tubular configuration and the 
planar configuration. They both have been subjects of many studies and have been 
demonstrated to have potential for commercial use. High temperature tubular fuel cells have 
now been developed for more than 50 years. The first company to produce such cells was 
Westinghouse Ltd. Many parameters influence the performance of a solid oxide ion fuel cell. 
Tbc most important being the anode and cathode materials as well as the electrolyte material. 
Currently. the trend for anodes and cathodes is to use composite materials such as lanthanum 
oxides, and nickel cermets to produce electrodes with a porous structure therefore enhancing 
the triple phase boundary. Several types of electrolyte material have been used, and currently 
novel materials are being tested to constantly improve the performance of the cells, and to 
reduce: down the operating temperatures. In our study of the characteristics of a direct 
ammonia fuel cell, different electrolyte ceramics and electrodes were used to evaluate their 
potential with regards to ammonia. The electrolyte material will have to exhibit high ionic 
conductivity and low resistivity. As far as the anode is concerned, the most important 
characteristic is not only the ability to decompose ammonia but also the electronic 
conductivity. The cathode must have sufficient catalytic activity to decompose oxygen as well 
as good electronic conductivity. These features are required to reduce the polarization losses 
within the cell and ensure high performance. 
The main part of the research was carried out on the tubular design, determining the influence 
of several parameters and characterising the cell's performance for the following variations: 
- anode material 
- anode position 
- operating temperature 
- ammonia flow rate 
carrier gas 
air flow in the tube 
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The results of the study of these factors are presented in this chapter. 
In this chapter, the electrolyte materials studied were 12 mol% calcia stabilized zirconia, 6 
mol% Yttria stabilized zirconia and 8 mol% yttria stabilized zirconia. Yttria stabilized 
zirconia is the most commonly used electrolyte material for SOFCs. YSZ doped with 2 to 6 
rnol% yttria presents several advantages. It has high bend strength and modulus of elasticity. 
Tbcrcfore, it is more resistant when exposed to mechanical stresses during the cell preparation 
and operation. In this chapter, two systems were studied: an annular design and a pellet 
design. The cathode material was mainly silver as it allowed quick drying and easy deposition 
on the inside of the tube. Platinum was also used for comparison purposes. Six different anode 
materials were studied: silver, platinum, nickel, nickel-silver alloy, nickel-YSZ, nickel oxide 
cermct and two cathode materials: silver and platinum. It is important to state that every set of 
results that is presented in this chapter was done with a new ceramic tube in order to ensure 
the different experiments could be comparable. 
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I Solid Oxide Fuel Cell 
3.1 Preparation of the anodes 
3.1.1 Silver anode 
The deposition of the anode is a very important process as it determines its structure and 
therefore its catalytic activity. One of the main factors is the porosity of the coating, as a high 
porosity will provide more reaction sites and enhance the diffusion of tile gases. 
The first method used for the deposition of the silver paint was Simply using a paint brush, 
However, this method was quickly abandoned due to the uneven deposition of tile paint. It is 
almost impossible to deposit a perfectly uniform coating. As a result an alternative method 
was employed. 
The silver anode was deposited using an air spray. The electrode coating was then tested with 
a multimeter to measure the conductivity and therefore ensuring that the anode layer was 
continuous. This allowed the production of electrodes with different thicknesses which 
showed differences in performance of the cell. 
A SEM photograph was taken to evaluate the thickness of the anode. 
$F6 
^W-' 
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WD 11 mm Photo No. = 2587 
Nure 3.1: Cross section ofthe silver coating applied on the anode side 
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The photograph was taken after several experiments had been carried out. The silver coating 
shown in figure 3.1 had an average thickness of 8.5 pm with a good porosity. The electrode 
presents a flaky aspect and is very fragile which was thought to be due to the large thickness 
and the repeated heating and cooling processes. 
It was then decided to attempt to reduce the thickness of the anode. This was done by 
depositing the least amount of silver possible by diluting the silver solution but still getting a 
good conductivity of the anode. To do this, the same technique used for "the thick anode" was 
used to apply the silver coating. To dilute the silver solution, iso-bUtyl-diniethyl ketone was 
used. In this case, after each deposition of silver, the coating was dried and its conductivity 
was measured at different points of the surface until the resistance was less than I ohni. This 
was to Produce a silver anode of minimum thickness. 
However, the thickness of the film was evaluated with the SEM technique; the film was thin, 
i. e. being around a micron. The Surface of the coating before and after calcining is shown on 
figure 3.2 and 3.3. 
ý 
. Z, I olý 
Figure 3.2: Sprayed anode before calcining Figure 3.3: Sprayed anode after calcining 
The coating presents a rather dense structure before calcining, with no apparent porosity. 
However, after 2 hours at 600'C, the structure of the coating has conipictely changed and 
shows relatively good porosity for use in a fuel cell. 
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3.1.2 Platinum anode 
lb 
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Figure 3.4: SENI photograph of the platinum coating on the anode 
Figure 3.4 shows the high porosity of the platinum anode. The platinum was painted onto the 
tube. This photograph was taken after the anode was fired at 1000'C for 2 hours ill air. This 
suggests that the platinum should exhibit good performance when used ill the cell. Platillilln 
was used by Wocj*ik et al. [5] as anode material and showed significantly high performance. 
3.1.3 Nickel anode 
The method used for the preparation of pure nickel and Ni-YSZ anodes was described in the 
experimental section 2.1.1.3. The same method was used for both calcia stabilized zirconia 
and yttria stabilized zirconia tubes. 
ftkl, 
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"gure 3.5: SEM photograph of the pure nickel coating on the anode 
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Figure 3.5 is an SEM photograph of the pure nickel coating sintered at 1200'C and reduced in 
hydrogen atmosphere for 2 hours. The average thickness is 8 microns. This picture presents a 
very dense nickel coating, which could be a source of problems when operating the cell due 
the thermal expansion coefficient difference between CaSZ and Ni and YSZ and Ni. 
Furthermore the diffusion of the gases through the coating Could also be a problem. 
Several compositions were used for the preparation of the nickel cermet anodes, the YSZ 
content was varied from 75% to 0% of the total weight of the mixture. Figures 3.6 and 3.7 
depict the appearance of a 25% YSZ- 75% nickel cennet and a 75% YSZ- 25% nickel cermet 
respectively after sintering and reduction in hydrogen atmosphere. There is a change in 
structure due to the composition difference. The porosity increases when there is less yttria 
stabilized zircoma in the cermet. The results obtained with the cermets are very different and 
vary with the type of electrolyte tubes used. More detailed studies are presented in the 
respective sections for the CaSZ tubes and the YSZ tubes. 
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Figure 3.6: 25-75 weight % YSZ-Nickel cermet 
3.1.4 Silver-Nickel anode 
Figure 3.7: 75-25 weight % YSZ-Nickel cernie( 
In order to combine the catalytic properties of nickel towards ammonia and the good adhesion 
of silver on the ceramic tubes, a silvcr-nickel anode was prepared by mixing the silver paint 
WW the nickel paste. The silver paint and the nickel paste were ball milled in a glass bottle for 
I hour and then painted onto the electrolyte tube. The coating was first dried using an air 
drYer and was then fired at 800'C for one hour. The resulting coating showed high 
conductivity therefore needing no further treatincrit such as firing in a reducing atmosphere. 
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3.1.5 Ni-YSZ cermet 
The cen-net was supplied in a ready to use form. The only step involved in the preparation of' 
the cell was the deposition of the tape on the electrolyte support. Once the sintering process 
was carried out the cell xýas readY to he opcmicd 
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Figure 3.8: SEM photograph of the Ni cermet anode after sintering at 15001C for 6 hours 
Figure 3.8 clearly shows the hexagonal shape of the nickel-oxide particles present in the 
ccrmet. The rounder particles are yttria stabilised zirconia. The anode material shows good 
porosity comparable to the one observed for the silver. These observations were confirmed by 
EDX analysis. 
3.2 Appearance of the anode after reaction with ammonia and hydrogen 
I he structure ofeach anode was examincd after it had bccii used in I*Licl ccil opcration mili 
ammonia or hydrogen. The noble metals: silver and platinum showed no change in structure. 
The appearance of the electrode was tile same before and after the reaction took place with 
either ammonia or hydrogen. For the nickel containing electrodes, the structure of' tile 
prepared nickel cermet changed before and after the anode was exposed to ammonia as shown 
in figures 3.9 and 3.10. 
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Figure 3.9: Ni cermet before reaction 
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Figure 3.10: Ni cermet after reaction mvith NH. j 
The first results obtained with the anode tapes suggested a difference in tile structure whether 
hydrogen or ammonia was used as fuel gas as shown on figures 3.11 and 3.12. 
_q 
Figure 3.11: Ammonia reacted Ni cermet 
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Figure 3.12: Hydrogen reacted Ni cennel 
The tape exposed to ammonia shows the presence of a material between the particles, figure 
3.11, which does not appear on the photograph of the hydrogen exposed tape, figure 3.12. 
T'his material was analysed using EDX technique and it revealed that it is mainly composed of 
silica. However, there is no source of silica in the tape or in the support tube. The only 
possible source of silica is the cement used to seal the pellet onto the alumina tube. Another 
experiment was therefore carried out using a non silica-based high temperature cement 
provided by Fortafix. The result is showed in figure 3.13. There is no material present 
between the yttria stabilized zirconia particles and the nickel particles proving that the cement 
was responsible for the diffusion of silica in the cerniet network. 
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Figure 3.13: Non silica-based cement used to seal the pellet and the support tube 
Therefore only the new cement was used for the experiments. 
3.3 Ammonia conversion for the tubular system 
Recently, several studies have been carried out on the generation of hydrogen from ammonia, 
showing that high conversion can be obtained at low temperatures with specific catalysts. 
Using thermodynamics it is easily shown that 99% conversion 1951 can be achieve(] at 
temperatures as low as 400'C. The conversion (A) is expressed as a function of tenil)CratUrC aS 
follows 1951: 
40100 - (25.46T In T) + 
(0.00917T 2 1000) + 64.8 IT = -RTIn( 
1.3X ( 10 
T I-XI) 
However, practically it is impossible to reach 99% conversion at Such a low temperature, so 
far the highest conversion achieved is 84% at 500'C using a ruthenium based catalysl 1951. 
This study conducted by Yin et a]. also demonstrated the higher activity of nickel than 
platinum for ammonia decomposition. At 500'C, a conversion of 8.5% was obtained for pure 
nickel and 4% for platinum, which is 10 times lower than what has been obtained with 
ruthenium. These studies had the objective of producing highly pure hydrogen for use in PEM 
fuel cells where the electrolyte membrane does not allow tile presence Of impurities in tile 
anode gas. As a consequence, generally the catalysts used in these experiments cannot be 
employed in fuel cells; especially in solid oxide fuel cells. 
A1W-11, 
113 
Chapter 3: Solid Oxide Fuel Cell 
Conversions for the five different anode materials were determined at open circuit conditions 
once steady state had been reached. To do this, both the incoming and the outgoing gases 
were analysed using a mass spectrometer. The ammonia composition was determined before 
and after the reactor, allowing the calculation of the conversion using the following formula: 
XMI, 
Njvn,. i,, where Nis the molal flow. NIVH3, 
in 
Tbe flow rates of ammonia and argon were respectively 12 ml/min and 12 ml/min. 
Temperature (OC) 
Conversion (%) 
Silver Platinum Ni-YSZ Ni-Silver Ni-YSZ (ESL Ltd) 
500 0.9 0.8 15 5 14 
600 10 14 35 22 39 
700 25 19 70 51 78 
800 38 40 85 64 92 
Table 3.1: Ammonia conversions achieved with the four anode materials 
Table 3.1 shows the conversions achieved at the operating temperatures used in the cell. At 
low temperatures (500T and 6000C), platinum and silver exhibit poor performances, as 
predicted by previous studies [5,95], less than I% of the ammonia fed to the cell is converted 
at 500"C. At higher temperature the conversion increases to reach 38% and 40% for silver and 
platinum respectively, which is better but still low compared to what can be achieved with an 
appropriate catalyst. An improvement is observed when nickel is mixed with silver but it still 
does not show good conversions. 
In contrast, the prepared nickel-YSZ cermet and the cermet provided by ESL Ltd, exhibited 
vcry good results especially at high temperatures. At 5000C, already 13% of the ammonia 
present in the cell is decomposed, which is more than 10 times what is obtained with the 
noble metals. The conversion reaches 92% at 8001C, close to complete conversion. The data 
Collected confirm the results previously obtained during studies of ammonia decomposition, 
demonstrating the catalytic activity of nickel towards ammonia [12]. This therefore suggests 
that nickel cermet is one of the most suitable anode materials for use in direct ammonia fuel 
WIS. 
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One of the main concerns associated with the use of ammonia is the possible emissions due to 
the formation of NOx. In the cell, the main reaction that is thought to be taking place is the 
decomposition of ammonia. However the process could be slightly more complicated, as 
another reaction may interfere with the main combustion reaction. Indeed, the less favourable 
partial oxidation of ammonia to form NO is to be considered. In 1980, Vaycnas and Farr has 
rcported 1631 that the direct use of ammonia in a fuel cell could lead to the production of a 
large amount of NO depending on the operating conditions and the anode material chosen. 
They showed that the use of platinum was particularly favourable for the formation of NO, 
with an increasing selectivity towards nitrogen oxide when the ammonia concentration and 
flow rate are relatively low (4% and 10 ml/min). This reaction is catalysed by hot platinum. 
4N'13 + 502 -+ 4NO + 6H2 0 
However, the dissociation reaction of ammonia into nitrogen and hydrogen is fast relative to 
the nitrogen oxide formation, therefore the amount of NO produced will be negligible. In 
order to achieve this, the reaction must be conducted on catalysts having the ability to directly 
crack ammonia and at suitable temperature and pressure. This can be done by using different 
types of catalysts: according to literature, the kinetics of the reaction are accelerated by 
catalysts such as Ir, Rh, Pt, Fe, Co, Cu and Ni [13-15]. The operating temperatures are 
commonly around 850"C when working at atmospheric pressure although the dissociation can 
occur at 3500C. Furthermore, it has been shown [111 that a temperature of 600'C gives high 
reaction rates and a product ratio of H2 75% and N2 25% on a selected catalyst (Nickel + 
Ruthenium). 
In order to confirm the hypothesis that the nitrogen oxide formation reaction is not taking 
place in our cell, experiments were carried out to determine the composition of the exhaust 
gases at all operating temperatures, at OCV conditions and under load. 
The results presented in figure 3.14 show the spectrum obtained for a Ni tape/YSZ/Ag cell 
operating at 8000C under open circuit conditions, with a mixture of ammonia and argon 
(50*/o/50% -25ml. min"/25ml. min-1) on the anode side and atmospheric air on tile cathode 
side. 
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Figure 3.14: Mass spectrometer scan at open circuit conditions at 8000C 
As it can be seen from figure 3.14 there is no emission of nitrogen oxide compounds; 
cxpectcd at 42 and 44. Vayenas and Farr [1011 demonstrated that this was strongly dependent 
on the flow rate, therefore the ammonia flow rate was varied from 15 ml/min to 40 ml/min. 
No NO was detected throughout the series of experiments at 800T. 
This major difference between what Vayenas and Farr observed and our results can be 
attributed to the high catalytic activity of nickel towards ammonia. Tbcrefore the 
decomposition of ammonia to nitrogen and hydrogen is much faster than the oxidation of 
ammonia by oxygen and therefore no nitrogen oxide is produced. 
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Figure 3.15: Mass spectrometer scan under OCV conditions at 500*C 
Figure 3.15 is a scan of the out coming gases at 500'C under OCV conditions. This shows 
how low the decomposition of ammonia is. There is almost no hydrogen being detected. It is 
not present on the scan as the signal is very low. The main species present in the gas stream 
are ammonia and argon with some nitrogen due to the low conversion but still shows that no 
NO is produced. 
A more detailed study was carried out on the detection of NO or other nitrogen oxides at all 
the operating temperatures for a cell with a load. The data was collected for a potential of 
0.6V and a current density of 25 mA/cm 2. 
No nitrogen oxide was generated during any of the experiments carried out with the Ni ccrmet 
tape, similar experiments were carried out with the other electrode materials (silver and 
platinum) and showed the same results. Figures 3.16 and figure 3.17 show the influcrice of 
applying the load on the cell. It demonstrates that the ammonia consumption increases as 
current is drawn from the cell but no nitrogen oxide is produced. The experimental conditions 
used by Vaycnas and Farr were reproduced to verify the influence of tile flow rate but this 
again showed that there was no nitrogen oxide produced. This proves that direct ammonia fuel 
cells are environmentally friendly fuel cells. There are no emissions associated with the use of 
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aznmonia contrary to other fuels such as methane and methanol, where carbon monoxide and 
carbon dioxide are some of the by-products. 
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3.4 Annular design (calcia stabilized zirconia) 
Three types of anode were tested with the CaSZ tubes: silver, platinum and nickel cermct. The 
cathode was always made of silver. 
3.4.1 Thick electrode silver anode 
The first experiments were carried out using a thick silver anode. Several factors were studied 
such as the influence of the ammonia flow and the temperature. The performance of 
ammonia as a feed was compared to that of hydrogen. 
3.4.1.1 Influence of the temperature 
The first factor that was studied was the effect of the temperature. It is known that the 
conductivity of the ceramic increases when the temperature is raised and the decomposition of 
ammonia is higher. Experiments were carried at temperatures from 500*C to 700T. 
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Figure 3.18 illustrates the influence of the temperature for a flow rate of ammonia of 6 ml/min 
and a composition of 50% ammonia and 50% argon. The influence of the temperature on the 
performance of the electrochemical cell can easily be seen. As the temperature is raised, the 
pcrformance of the cell increases. Results for the other flow rates are presented in Appendix 
B1. The temperature appears to have the same influence at all now rates. The difference 
between the experiments carried out at 500'C and 700"C is significant. For an equivalent 
voltage of 0.5 V the current density is equal to 0.05 mA/cm 2 at 500"C, 0.2 mA/crn 2 at 600"C 
and I mA/crn 2 at 700'C. The performance of the cell is multiplied by 20 when passing from a 
temperature of 500"C to 700'C. It is therefore clear that the cell should be operated at the 
highest temperature possible as the perfon-nances of the materials improve with the 
temperature but also to achieve higher conversion as only a small amount of ammonia is 
converted into hydrogen. Temperatures as high as IOOOOC have been used for solid oxide fuel 
cclls. 
3.4.1.2 Influence of the flow rate of ammonia 
The second factor studied was the effect of the ammonia flow rate. Three flow rates were 
tcstcd: 6 ml/min, 12 ml/min and 24 ml/min. The concentration of ammonia was not varied, 
only the total gas flow was modified. Therefore, the flow rate of the carrier gas (Ar) was 
changed along with the ammonia one. 
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FIgure 3.19: Influence of the ammonia flow rate at 7000C on the Ag/CaSZ/Ag tubular reactor 
0.9 
08 
0.7 
06 
0.5 
04 
0.3 
0,2 
0.1 
0 
0 401 
a 
--- 
I 
9 
r; 6 mvmin I 
0 12 mVmin, 
& 24 mVmin, 
F6 -,; ýViw] 
Iimin ý 
I/Mii, 
0.1 0.2 0.3 0.4 0.5 0.6 
Current density (mAlcm2) 
I'lZure 3.20: Influence of the ammonia flow rate at 600"C on the Ag/CaSZ/Ag tubular reactor 
121 
Chapter 3: Solid Oxide Fuel Cell 
SI. 
5S& 
0.01 0.02 0.03 0.04 0.05 0.06 0.07 
09 
0 8 
. 
0 7 
. 
0,6 
D 5 . 
D4 
--7 
13 
Current density (mAlcm) 
Figure 3.21: Influence of the ammonia flow rate at 5000C on the Ag/CaSZ/Ag tubular reactor 
6 mVmln 
12 mi/min II 
The data collected (figures 3.19,3.20 and 3.21) show that the influence of the ammonia flow 
rate is dependent on the temperature. At 700'C, there is a small difference between the data 
collected, the flow rate has no influence or only very little. The effect of the ammonia flow 
rate starts taking place as the operating temperature decreases. At 600*C, it is possible to 
observe a behaviour change as the current density increases; it appears that there is a 
limitation as the EMF drops. This phenomenon is even more obvious for the experiments 
carried out at 500"C. A sudden decline in the voltage output is observed for flow rates of 6 
ml/min and 12 ml/min; however, for a flow rate of 24 ml/min, the voltage decreases steadily 
without any significant perturbation. The explanation for this behaviour is diffusion limitation 
on the anode side. The flow rate of ammonia appears to have a significant impact on the 
bchaviour of the cell when using calcia stabilized zirconia as electrolyte material. As the 
current density increases the potential of the cell drops much quicker for low flow rates as 
shown in Figure 3.19. This is particularly true for a flow of 6 ml/min. This effect is probably 
due to the lack of hydrogen present in the system because of the low conversion obtained with 
silver. At a flow of 24 ml/min there is more hydrogen being produced in the reactor than at 6 
MI/min, which explains why the voltage drop is not present anymore. 
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3.4.1.3 Power density 
71e power density of the cell is simply obtained by multiplying the EMF value with the 
corresponding current density and allows the determination of the operating point of the cell. 
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FIgure 3.22: Power density as a function of temperature for a N113 flow of 24ml/min for the Ag/CaSZ/Ag 
lubul2r reactor 
Figure 3.22 shows that the influence of the operating temperature on the power density. These 
curves are a typical representation of what is observed for fuel cells [1]. At each temperature 
the power density passes through a maximum. The maximum power density delivered by tile 
cell at 700'C is more than 45 times greater than the maximum power density at 500*C. The 
maximum obtained was 0.45 mW/crn 2 at 700*C, but this is still very low compared to what is 
obtained with thin electrolyte and optimised electrodes where power densities of 700 mW/cm, 2 
have been achieved with pure hydrogen [171. The reason for this difference comes from the 
Clectrolytc properties and the electrodes used. Calcia stabilized zirconia has a low 
conductivity and the tubes' wall thickness exceeds I mm. Furthermore, silver is not the most 
suitable material for ammonia decomposition as has been shown in section 3.3. 
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3.4.1.4 Comparison between ammonia and hydrogen 
Experiments were carried out with pure hydrogen to evaluate the performance of ammonia. 
Figures 3.23 and 3.24 show the behaviour of the cell when running on ammonia or hydrogen. 
There is a significant difference between the performance achieved by the cell when hydrogen 
is used as fuel and the ones obtained when ammonia is the fuel. This is mainly due to the low 
conversions of ammonia achieved at these temperatures and diffusion limitations. Indeed, 
ammonia decomposes at the surface of the anode and hydrogen diffuses through the thick 
anode material to reach the triple phase boundary where the electrochemical reaction takes 
place. 
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3.4.2 Thin silver anode 
After the first results obtained from the scanning electron microscope, it was clear that a 
thinner anode could be produced; therefore several cells were produced in order to oPtimise 
the thickness of the anode. 
The amount of silver deposited on the cell was carefully monitored to find out which one 
exhibits the best performance. After each deposition the weight of the tube was measured and 
the resistivity of the coating was measured using a multimeter. It was therefore possible to 
determine the minimum amount of silver required to have a conducting coating, which was 
found to be 70 mg on a tube length of 26 cm. Test were conducted with several silver 
quantities and they showed that below 150 mg there is not enough silver on the tube to 
Catalyse the decomposition reaction and the conductivity of the coating is much lower causing 
Dreater losses due to resistance polarization. The 70 mg cell showed the poorest performance 
as presented in figure 3.25. 
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FIgure 3.25: Influence of the silver quantity at 700*C for the Ag/CaSZIAg tubular reactor 
The optimum amount of silver was determined to be between 250 mg and 300 mg, the 
electrode surface area associated with this amount is 15 cm 2. Hence, the amount of silver that 
gave the best performance comprised between 16 to 20 mg/cm 2. This allowed optimizing the 
thickness versus number of catalytic sites, i. e. diffusion versus reaction. 
3.4.2.1 Influence of the temperature 
The same tests used for the thick silver anode were carried out in order to be able to compare 
the performance of the two anodes. 
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The influence of the operating temperature is similar to that of the thick anode as shown on 
figure 3.26. The higher the temperature, the better is the performance of the cell. Again, at the 
higher temperature the combined influence of a higher conductivity of the electrolyte and 
higher conversion explain the better performance of the cell. At "high" current densities it 
appears that there is a rapid decline of the EMF of the cell which is due to concentration 
polarization. 
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3.4.2.2 Influence of the flow rate of ammonia 
0.9 
0.8 
0.7 
E06 
U. 
0.5 
0.4 
0.3 
0.2 
0.1 
001 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 
Current density (mAlcm 2) 
04- 
0 
AM 
Figure 3.27: Influence of the ammonia flow rate at 500*C on the Ag/CaSZ/Ag tubular reactor 
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Experiments were carried at three temperatures for three flow rates. Figure 3.27 illustrates the 
influence of the flow rate of ammonia at 500'C. The results obtained show that the EMF is 
not affected by the flow rate variation. The same behaviour was observed at all the 
temperatures. Results are presented in appendix B2. This leads to the conclusion that the flow 
rate of ammonia does not influence the performance of the cell when the anode is thin and 
supports the suggestion that the system with a thick anode was limited by the ammonia 
diffusion. 
3.4.2.3 Influence of the concentration of ammonia 
To investigate the effect of different ammonia concentrations in the inlet gas flow, three 
different ammonia contents were used during the experiments: 33%, 50% and 66%. In order 
to make sure that the influence was only due to the ammonia content, the total gas flow was 
kept constant by varying the argon flow rate. 
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Flgure 3.29: Influence of the ammonia content at 600"C on the Ag/CaSZtAg tubular reactor 
It is interesting to notie in figures 3.28 and 3.29 that the ammonia content has no influence in 
the low and intermediate current density regions. The EMFs delivered by the cell are similar. 
7bC observation of the curves also reveals that the runs with higher ammonia content do not 
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show the same drop in the high current density region. The EMF decreases steadily when the 
current density increases for ammonia contents of 50% and 66%. This could mean that at low 
ammonia content, there is a hydrogen depletion in the high current density region therefore 
causing the EMF drop. The phenomenon is often called polarization concentration limitation, 
at high current densities, the oxygen ion transport is much slower, therefore there is a lack of 
oxygen ions at the anode-electrolyte interface causing the voltage drop in the cell and lower 
performances. 
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FIgure 3.30: Influence of the temperature on the power density, NII. 3 flow - 12n-d/min for the Ag/CaSZ/Ag 
tubular reactor 
Figure 3.30 shows that the shape of the power density curve is similar to the one observed for 
the thick anode. At 700'C, the power density is much higher, showing the direct influence of 
a higher ionic conductivity and a greater conversion of ammonia. The maximum power 
density obtained at 700"C is around 30 times higher than the power density achieved at 
500*C. Despite the thin electrode, the maximum power density is still low. This is again due 
to the electrolyte material properties (low conductivity associated with high thickness). 
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3.4.2.5 Ageing effect 
The ageing effect is a characteristic of SOFCs, it is caused by the high operating temperatures 
of the system. Indeed at these temperatures, the elements of the cell undergo severe stresses, 
and the repeated heating and cooling operations damage the different parts of the cell. In this 
section the aging effect was studied using the thin anode cell. To carry out this study, the cell 
was operated for three days at the usual temperatures for the same duration: 3 hours 
consecutively at 600'C and 3 hours at 700'C. The cell was left to cool down to room 
temperature after every night. This allowed observing the effect of several heating up and 
cooling down processes. 
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Ilie effect of the deterioration of the anode and the cathode is demonstrated in figures 3.31 
and 3.32, as the number of series increases the performance of the cell at a given temperature 
decreases. For example, for an EMF of 0.4 V, the current density at which it is achieved 
changes from 1.5 mA/cM2 to 0.8 mA/cm 2. The structure of the electrodes is affected by the 
repetition of the heating process; the coating becomes flaky after several processes. Another 
phenomenon associated with the repeated experiments is the reduction of the electrolyte 
material. This is proved by the blackening of the electrolyte tube. After the experiments, the 
anode was completely removed from the tube, which had dark patches all over its surface. 
The reduction causes the material to lose oxygen vacancies therefore preventing the oxygen 
ions from reaching the triple phase boundary and reacting with hydrogen. This explains the 
lower EMFs as the number of experiments increases. 
132 
Chapter 3: Solid Oxide Fuel Cell 
3.4.3 Comparison between the thin electrode and the thick electrode 
Given that it was possible to produce anodes with different thicknesses, it is interesting to 
observe the performance of each cell. The comparison of the voltage output of the two cells 
shown in figure 3.33 is representative of the behaviour of the two cells at all the operating 
temperatures and flow rates studied. All the results are presented in Appendix B3. 
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Figure 3.33: Influence of the electrode thickness at 7000C, N113 flow - 12 ml/min on the Ag/CaSZ/Ag 
tubular reactor 
Figure 3.33 suggests that the diffusion limitation caused by hydrogen diffusion through the 
anode is more important in the thick anode system than in the thin anode one. It is interesting 
to remark that the voltages delivered by the cells are similar at low current densities, which 
confirms the idea that the lower EMFs achieved by the cell are due to a diffusion loss. Indeed, 
at low current densities, the losses are associated with activation polarization, which is caused 
by the energy barrier that must be overcome for the reactions to happen. This is therefore not 
dependent on the thickness of the electrode or the electrolyte and explains why the EMFs 
dclivered by the cells are similar. Activation losses are calculated in section 3.6.2.7. 
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Figure 3.34: Power densities for a thick and a thin anode at 700*C, NH3 flow= 12 n-d/min for the 
AZICaSZ/Ag tubular reactor 
It is easily demonstrated in figure 3.34 that the performances of the thin electrode are much 
better than the ones achieved by the thick anode independently of the temperature. The 
maximum power density is greater and is attained at a greater current density therefore 
making it more efficient. This once more suggests that the diffusion of ammonia could be the 
source of the limitations in the case of the thick anode as the ammonia conversion is the same. 
The power densities achieved using the silver anode are still low compared to other electrode 
materials and electrolytes [12]. 
3.4.4 Platinum anode 
Platinum has been successfully used in direct ammonia fuel cells by Wojcik et al 15]. The 
platinum used for the experiments was supplied by Gwent Electronics Ltd in the form of a 
paint. It was applied on the electrolyte tube using a brush. 
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FIgure 3.35: Temperature influence on the platinum anode cell, N113 flow= 12n-fl/min on the Ag/CaSZ/Ag 
tubular reactor 
Figure 3.35 illustrates the influence of the temperatures, it shows that the behaviour of the cell 
is similar to the one observed for the silver anode. The slight difference comes from the fact 
that the improvement of the performance between 700'C and NOT is less than that of the 
silver anode, especially at high current densities. This disagrees with the fact that the 
improvement in terms of conversion from 700'C to 800'C is higher for platinum than for 
silver. This could be due to the electronic properties of the platinum paint. This will be further 
cxplained in the following section. 
The influence of the flow rate of ammonia was also studied but it had no effect on the 
performance of the cell as is shown on figure 3.36, showing that the diffusion of ammonia 
does not play an important role. 
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figure 3.36: Influence of the flow rate on the performance of the Pt/YSZ/Ag cell at 7000C 
3.4.5 Comparison between the platinum and the thin silver anodes 
12 mllmCn 
24 ml/mIn 
Vmin 
'ij 
After studying separately the characteristics of the two anode materials it is interesting to 
compare their performance to see which of the silver or the platinum is the most efficient for 
use in direct ammonia fuel cells. 
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Figure 3.37 shows the comparison of the EMF delivered by the two cells at 500'C, 600T and 
700T. It can be seen that there is very little difference between the cells. The use of platinum 
does not have the effect that was expected. Indeed, platinum is supposed to have catalytic 
properties but in this case the only difference comes at high current densities where the ccil 
having the platinum appears to show better performance. However, this is of no use for 
commercial interest as the voltage delivered is too low to power any type of device. The 
slightly higher current densities achieved by the Pt/CaSZ/Ag ccll could be explained by the 
more porous structure of the platinum anode as shown on figure 3.10, diminishing the 
diffusion losses. However, this is in contradiction with the results obtained by Wojcik 151, 
who showed current densities 200 times higher when using platinum rather than silver. The 
reason for this discrepancy was found by ringing the supplier of the paint. The platinum paint 
was not pure platinum and contained a lot of impurities such as lead. The platinum content 
(wt%) was only between 50% to 60% therefore leading to the poor performance of the cell. 
137 
Chapter 3: Solid Oxide Fuel Cell 
3.4.6 Nickel and Ni-YSZ anode 
The use of nickel in its pure form or mixed with yttria stabilized powder was unsuccessful. 
Due to the significant difference between the thermal expansion coefficients, the experiments 
failed. In the case of pure nickel, the cell worked properly for 30 mins and then the EMF, 
started to be unstable until it became impossible to do any measurements. Dismantling of the 
cell showed that the nickel coating had lifted off the surface of the electrolyte and started 
folding therefore explaining the measurement problems. A hypothesis that has been advanced 
is that the surface roughness was not sufficient for the coating to attach to the electrolyte. The 
surface of the electrolyte was therefore made rougher by using a diamond brush. This made 
no difference to the end result. The coating again came off the ceramic tube a short time after 
the experiments were started. 
Yttria stabilized zirconia powder was then mixed with the nickel paste to try to reduce the 
expansion coefficient of the nickel. Several samples were prepared as it was described in the 
experimental section, but they either presented no conductivity or lifted off the surface of the 
electrolyte tube as presented in table 3.2. 
YSZ content in weight % Resistivity at room temperature Results 
75 non conducting not tested 
50 non conducting not tested 
37.5 non conducting not tested 
25 65 Ohms lifted off 
0 1 Ohms lifted off 
Table 3.2: Influence of the YSZ content on the conductivity of the coating 
The non conduction of the high content cermet was first attributed to the homogeneity of the 
Paste being not good enough or that a conducting nickel network was not formed. Therefore 
the mixing time was increased but this did not make any difference. Furthermore, it was 
noticed that the nickel seemed to diffuse in the electrolyte. Indeed, when the cross section of 
the electrolyte was looked at more closely, it could be easily seen that the electrolyte had been 
altercd. It was not beige any more but grey. The reason for this is postulated to be due to the 
diffusion of nickel in the electrolyte due to the movement of calcium ions within the ceramic. 
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The use of nickel was therefore not practical with the calcia stabilized zirconia tubes and this 
phase of work was discontinued. 
3.5 Annular design (yttria stabilized zirconia) 
In this section, the electrolyte material used was 6 mol % yttria stabilized zirconia. Several 
anode materials were tested: silver, platinum, nickel cen-net and a nickel tape. 
3.5.1 Silver anode 
In the first section of this chapter, silver was used with some success as anode material when 
it was sprayed on the electrolyte tube. In the following section, silver was therefore sprayed 
on the electrolyte tube. 
3.5.1.1 Influence of the temperature 
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Figure 3.38 shows the influence of the operating temperature on the performance of the cell. 
As expected the performance of the cell improves with the increasing temperature, this being 
the combination of the higher ionic conductivity of the electrolyte material and the higher 
ammonia decomposition at temperatures above 700T. 
3.5.1.2 Influence of flow rate and the concentration on the Ag/YSZ/Ag cell 
The results on the influence of the flow rate of ammonia and the concentration of ammonia 
are presented in the Appendix B4 as no particular effect was observed. 
The onlY slight variation was observed on the OCV of the cell, a higher ammonia content 
gave a slight increase in the open circuit voltage as shown in table 3.3. 
Ammonia content OCV (V) Theoretical OCV (V) 
50% 1.072 1.143 
75% 1.092 1.162 
80% 1.108 1.175 
Table 3.3: OCV as a function of the ammonia content 
This can be explained using Nernst equation. A detailed study of the open circuit voltage was 
carricd out and is presentcd in scction 3.9. 
3.5.1.3 Influence of air flow rate 
Thc lack of oxygen on the cathode was thought to be one of the reasons for the low current 
densities achieved by the cell. To verify the truth of this hypothesis, air was fCd on tile 
cathode side by fitting an air supply at the bottom end of the tube meaning that air and 
ammonia were flowing upwards in the cell. This had absolutely no effect on the EMF of the 
cell when the flow rate was kept between I ml/min to 250 ml/min. As the flow rate was 
further increased, the EMF of the cell started decreasing, the explanation that can be given is 
that the temperature of furnace started decreasing therefore lowering significantly the 
Performance of the cell. This therefore demonstrates that there is enough oxygen contained in 
the air for our experiments and that it is not a limiting factor for the performance of the cell 
but the cathode material itself limited the performance. 
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3.5.1.4 Influence of carrier gas 
Argon was first chosen to be carrier gas as it is an inert gas and does not interact with the 
species present in the reactor or affect the reactions taking place in the cell. However, it was 
decided to use nitrogen as carrier gas to observe its influence, as nitrogen is one of the 
products of the decomposition of ammonia. One of the expected effects would be to reduce 
the performances of the cell, as it would shift the equilibrium and therefore reduce the amount 
of hydrogen produced within the cell. 
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figure 3.39: Influence of the carrier gas at 8001C, N2 and Ar flows - 24 ml/min. 
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Figure 3.39 illustrates the results collected at 800'C, the rest of the data is presented in 
Appendix B5; there is no influence from the presence of nitrogen over the whole range of 
temperatures. This is surprising as nitrogen is one of the products of the reaction of 
decomposition of ammonia as the equilibrium is not far to the right. Therefore this means that 
the diffusion of nitrogen from the surface is not the limiting step. The rate limiting stcp in this 
case is the decomposition of ammonia. 
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3.5.2 Platinum anode 
The same platinum that was used for the experiments in the first section was used to carry out 
these experiments. The platinum was painted on the electrolyte tube. 
3.5.2.1 Influence of the operating temperature 
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FIgure 3.40: Temperature influence on the Pt[YSZIAg cell, N113 flow - 12ml/min. 
F 50of-I - ffý 
ý0 600 *C 
&700 T 
800 'C' 
Figure 3.40 shows the influence of the operating temperature on the performance of the cell. 
This shows a typical evolution in function of the temperature, which is very similar to what 
was observed with the silver anode cell. The current densities are still very low compared due 
to the properties of the platinum. 
3.5.2.2 Innuence of the flow rate and of the concentration of ammonia 
The results on the influence of the flow rate of ammonia and the concentration of ammonia 
are presented in Appendix B6 as no particular effect was observed, suggesting that the 
diffusion of ammonia does not play an important role. 
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3.5.3 Nickel-YSZ anode 
The ccrmet structure of Ni-YSZ provides a number of important functions such as adhesion of 
nickel to the electrolyte material, a high porosity for gas transport and both then-nal expansion 
and chemical match of anode and electrolyte. It also reduces the sintering and agglomeration 
of Ni and increases the electrochemical activity of the cermet electrode. It is therefore a very 
interesting option for the anode material. Two types of powder were used for the experiments: 
a3 mol% yttria stabilized zirconia and a8 mol% yttria stabilized zirconia. Both types of 
powder were studied in detail and their performance evaluated. The results are presented in 
the following sections. 
3.5.3.1 3 mol % yttria stabilized zirconia 
a) Influence of temperature 
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11gure 3.41: Influence of the temperature, NH3 flow = 24 ml/min on the NI-YSZIYSZ/Ag tubular reactor 
The performance of the Ni-YSZ/YSZ/Ag cell is presented on figure 3.41. The YSZ content in 
the ccrmet is 25%. Contrary to the two previous anode materials; the temperature does not 
have such an influence on the performance of the cell. Indeed, there is only a factor 4 between 
the current densities achieved at 500'C and the ones at 800'C. Silver and platinum showed a 
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much bigger improvementas the temperature was increased. The explanation for this 
behaviour is believed to be related to the structure and the properties of the YSZ. 3 mol% 
YSZ is a refractory material with a low ionic conductivity 1371 therefore it is not suited for 
fuel cell use where high ionic conductivity is required. 
b) Influence of the flow rate 
The same procedure as were followed using the other anode material was carried out to check 
if the ammonia flow rate would have an influence on the behaviour of the cell. Pure ammonia 
was used for the experiments; the flow rate was varied over a wide range of values, from 6 
ml/min to 80 ml/min. The results are presented in figure 3.42. It shows that the flow rate has 
indeed an effect on the performance of the cell. As the flow rate value increases the power 
density curve is shifted upwards and reaches a maximum at a flow rate of 60 ml/min. For flow 
rates above 60 ml/min the cell achieved similar EMFs. This means that there is a limiting 
amount of ammonia with which the nickel catalyst can cope and catalyze the electrochemical 
reaction between hydrogen and oxygen. For high flow rates, most of the ammonia fed into the 
cell is present in the exit gas and there is oxygen limitation on the cathode side. 
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c) Influence of the ammonia concentration 
Given that the flow rate influences the EMF of the cell, it was therefore interesting to see if 
the concentration of ammonia in the inlet gases would also have an effect on the performance 
of the cell. For this reason, experiments were carried out with 4 different ammonia 
concentrations and pure ammonia. The total flow was kept constant and both Ar and NH3 
flows were varied. A run was also carried out with argon only and no potential could be 
mcasured. 
Figure 3.43 shows that the concentration also has a slight effect on the power output of tile 
ccll. The higher is the concentration, the better is the pcrformance of the cell. The maximum 
power density is achieved for pure ammonia. 
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3.5.3.2 8 mol% yttria stabilized zirconia 
3 mol% YSZ is not the material that is widely used in the fuel cell industry and research. The 
main ceramic material is 8 mol% yttria stabilized zirconia. 
For this reason, 8 mol% YSZ was given more attention than the 3 mol% YSZ. A wide range 
of anode compositions was studied to find the optimum. The weight percentage of YSZ was 
varied from 75% to 0%. The preparation method used, was described in the experimental 
section. The resistance of the anodes was measured after the preparation process in order to 
cnsure that they were satisfactory for testing in the cell. The measurements were made 
between the two ends of the tube. The results are presented in table 3.4. 
YSZ content in weight % Resistivity at room temperature 
75 Non conducting 
50 Non conducting 
37.5 Non conducting 
33.5 600hms 
25 19 Ohms 
12 10 Ohms 
6 6 Ohms 
0 0.5 Ohms 
Table 3.4: Resistance across the anode 
As expected the resistance of the anode decreases as the amount of YSZ powder dccreascs, 
the presence of YSZ powder in the nickel network has the effect of increasing the resistance. 
This effect was reported by Koide et aL [961, as the percentage of yttria stabilized powder 
increases the resistance of the cermet increases exponentially to be infinite for a volume 
percentage of more than 60%. For high YSZ weight percentage the anode materials were not 
conducting, therefore a silver strip (3 cm) was painted on the anode material to act as a 
Current collector to make it possible to measure the potential difference between the 
electrodes. Pure nickel and 6% weight YSZ show the lowest resistances, however the 
experiments with these two cells also failed due to the big difference between the thermal 
expansion coefficients of the anode material and the electrolyte material. In both cases, the 
anode material lifted off and was easily removed from the surface of the electrolyte tube 
causing enormous ohmic losses in the system. 
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FIgure 3.44: anode YSZ content influence on the performance of the cell at 800*C, N113 flow-24ml/min 
Figure 3.44 presents the influence of the YSZ content on the EMF of the cell. Only the results 
for Cermets with up to 33.5 weight % are shown on the graph as for higher content the anode 
cxhibited no conductivity and therefore was unusable for fuel cell experiments. Depending on 
the percentage of YSZ present in the cermet, the performance of the cell is very different. The 
optimum performance is obtained for a cermet with a composition of 75%-25% Ni-YSZ. The 
low EMF delivered by the cell having a composition of 33.5 weight % could be predicted by 
the fact that the conductivity at room temperature was already lower than the one exhibited by 
the 25 weight % cermct, meaning that the losses would be greater and therefore the voltage 
lower. 
As far as the low YSZ content cermets are concerned, the explanation for the lower 
Performance can be found in that, less YSZ means that the length of the triple phase boundary 
in these cermets will be smaller. The reactive sites are traditionally assumed to occur along 
the idealized (one dimensional) triple phase boundaries (TPB) between the metal catalyst 
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particles, the oxide (YSZ) support, and the gas atmosphere. The direct consequence of the 
lower amount of YSZ being that the length of the TPB is smaller and the reactivity is lower. 
3.5.3.3 Comparison of the two powders 
The comparison of the two powders was carried out for a similar YSZ content (25 weight %) 
in the anode material and identical flow rate for ammonia of 12 ml/min. 
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The low content YSZ powder has just over 3 mol% yttria in the material; the zirconia raw 
material is a lower cost powder which is normally used in refractories. This powder was used 
as a starting material to see if it would help to make the nickel stick to the electrolyte material. 
The results presented in figures 3.45 to 3.48 clearly show that the anode prepared with the 8 
mol% YSZ powder gives better current densities at all temperatures. This is especially true at 
500"C where the biggest gap between the two cells is observed. Higher yttrium content 
cnhances the oxygen diffusivity in the ceramic material. 8 mol% yttria. stabilized zirconia, has 
a much higher oxide ion conductivity than 3 mol% yttria stabilized zirconia around 2 times 
higher, for example at I OOOK o- = 2.5 S/m. and a=I S/m. for 8 mot% and 3mol% respectively 
1911. These experiments demonstrate the direct influence of oxygen diffusivity on the 
performance of the cell and the better results obtained with the 8 mot% yttria stabilized 
zirconia powder. The experiments also prove that the limiting factor is the oxygen difflusivity 
and not the lack of hydrogen as high conversions are achieved with nickel. Furthermore the 
presence of hydrogen in the exit gas was detected using the mass spectrometer at MOT and 
800()C. 
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3.5.4 Silver-Nickel anode 
When comparing the results obtained with the Ni-YSZ cermet and the silver, it was noticed 
that the silver anode was giving better results than the nickel-YSZ cen-net. It was decidcd to 
mix the silver with nickel in order to determine if mixing the two pastes would have a 
beneficial effect on the behaviour of the anode. To do this, a 50%-50% volume paste was 
prepared, using the original silver paint and nickel paste and using iso butyl dimcthyl ketone 
as the mixture was thick. The anode was deposited using a brush and fired at 800"C for one 
hour in a hydrogen atmosphere. The cathode material used in this case was silver in ordcr to 
allow comparison with the other anode materials. 
3.5.4.1 Influence of the flow rate of ammonia 
The flow rate of ammonia has a slight effect on the EMF of the cell at 500"C but as the 
temperature increases this effect completely disappears; the EMF appears to be independent 
of the ammonia flow. Results are presented in Appendix B7. 
3.5.4.2 Influence of the concentration 
As was found for the other anode materials, the influence of ammonia's concentration was 
investigated. To carry out these experiments, the flow rate of ammonia was fixed and the flow 
rate of argon was changed. 
The results obtained show that there is no influence of the ammonia concentration at any of 
the operating temperatures, which is not surprising given that the same behaviour was 
observed for most of the anode materials apart from the Ni-YSZ ccrmet. The results are 
presented in Appendix B7. 
3.5.5 Nickel-YSZ (cermet ESL Ltd) 
The last material to be used as anode was the tape supplied by ESL Ltd. The deposition 
procedure is given in the experimental section. The tests carried out were identical to those 
done with the other anode materials. The results obtained are presented in the following 
Section. 
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3.5.5.1 Influence of the temperature 
The results obtained in terms of temperature influence followed the same trend as was found 
for the other anode materials. As the operating temperature is increased the current densities 
achieved become higher as shown in figure 3.49. One remarkable fact is the much higher 
level of performance of the cell. The current densities achieved are 5 to 7 higher than the ones 
obtained with the other anode materials. This is due to the much better electronic properties of 
the anode material supplied by ESL Ltd that has been optimized for use in fuel cells. 
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3.5.5.2 Influence of ammonia concentration 
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The anode material plays a significant role in terms of the level of performance of the cell. In 
the case of the concentration of ammonia, different anode materials behave differently with 
concentration variations. Some had little effect and some showed measurable difference. 
Figure 3.50 shows for the tape the concentration of ammonia had a ma or effect on the cell 
performance. 
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The best conversion was achieved with the tape which gives an explanation for the influence 
of the ammonia content. Indeed, for percentages below 36.4% there is almost no ammonia 
coming out of the cell. There is less than 1% of ammonia in the exhaust gases. The anode 
material is then able to cope with the amount of ammonia entering the cell but for higher 
ammonia contents, the maximum conversion achieved is 92% at 800*C. The better 
performance is explained by the larger amount of hydrogen present in the system. 
3.5.6 Study of the OCV of the cell 
3.5.6.1 Theoretical calculations 
One of the characteristics of a fuel cell is its open circuit voltage. The open circuit voltage is 
the measured fuel cell potential when no current is being drawn. The OCV can approximate 
E*, but deviates because of non-ideality in the fuel cell and in the voltmeter. W`hcn the fuel 
Cell operates at equilibrium with its surroundings, the potential achieved will be the E*, but 
this never occurs. The closest that a fuel cell comes to equilibrium operation is at open circuit 
when no current flows in the cell. The calculation of the OCV can be done by estimating the 
value of the EMF using the Nernst equation. 
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Before the determination of the Nernst equation, it is necessary to specify tile reactions taking 
place at the electrodes. The reactions involved in the process are: N113 decomposition and 
hydrogen oxidation at the anode and 02 reduction at the cathode. 
At the anode: 
21V'13 
-> 
N2 + 3H2 
H2(s) +02- -> H20(g) + 2e- 
At the cathode: 
02(, 
) +4e- -> 
202- 
Overall reaction of the combustion of ammonia: 
4NI13(s) + 302(g) -). 
2N2(g) + 6ff2o(g) 
Dctcrtnination of Nernst equation for the considered system: 
The change in Gibbs free energy is given by: 
AG=Ev, p, and pi =pi*(T)+RT In a, where a, is the activity of species and p, the chemical 
potential of the species 1701. 
Thercfore: 
AG = AG2098 (T) + RT In K, where K is the equilibrium constant K= a' a, ' M 
The change in Gibbs free energy can also be written as follows: 
AG = -nFE 
where E is the electromotive force and F the Faraday constant, which has a value of 96485 
C-morl. 
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The Nernst equation for an electrode is then given by: 
E=E*- RT In K 
nF 
Combining constants at 298 K, (1) becomes: 
E=E* - 
0.059 
loglo K 
n 
In the case of the cell the two Nernst equations of the two half reactions can be combined to 
give: 
0.059 Ecathode - Eiinode - log,,, K 
n 
In our case the following Nernst equation is obtained: 
E=Eo _ 
RT In 
([N2] 2 [H2 0]6[02-16 
where represents the activity. 12F ( [NH3 ]4 [02- r [02 ]3 
Finally: 
E=E* _ 
RT In 
[N2 ]2 IH2 0]6 
12F 
([NH3 
]4 [02 ]3 
) 
As all the species are in gas phase, and if the gases are considered perfect, their activity can be 
written as follows: 
[Rr p' 
P. r ' 
ý p2 6 RT IV 2 
PZ20 
In conclusion: E= E* - In - pl 
with P. =I bar, and E* the standard potential at 
0 p2) 12F (Pm', v 
298.15 K, its value is 1.17 V [1] 
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The value of E' can be obtained by calculating Gibbs free energy at 298.15 K with the 
following fonnula: 
AG(T) = AH(T) - T. AS(T) 
The enthalpy and entropy values were calculated from: 
All(T) = A. Ho + fE, vCp, dT 298 
Ev Cp 098 +f : 1ý=LdT ASM = AS2 -T 
It can also be calculated using the Nernst equation and taking PO, = 0.21 bar as the operating 
conditions are the atmospheric conditions. 
A particular property of hydrogen is that the open circuit voltage decreases with the 
increasing operating temperature due the negative entropy change of the reaction of oxidation 
of hydrogen. The fuel cell is theoretically more efficient at low temperatures but other cffects 
like mass transport and ionic conduction are faster at higher temperatures and this more than 
offsets the open circuit voltage. The OCV change with the temperature is therefore given by 
the following fannula [301: 
(M) 
"= -I 
(DAG)p 
+ 
A,. S 
aT p nF aT nF 
clE ) -44.51 = -0.23 mV. K-1 aTj, =2x 96485 
In the case of ammonia it is positive therefore the open circuit voltage increases with the 
temperature. M) = 
129.123 
= 0.67 mV. K". 
IT 
)P2x 96485 
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Tcmperature (T) E* H2 M E'NH3 M 
25 1,184 1,127 
500 1,061 1,187 
600 1,033 1,201 
700 1,004 1,215 
800 0,978 1,229 
Table 3.5: Calculated standard potentials for hydrogen and ammonia 
Table 3.10 shows the evolution of the standard potential for hydrogen and ammonia. As the 
temperature is raised, E. ' increases contrary to the hydrogen fuel cell standard potential. It N. H3 
also demonstrates that it is theoretically possible to achieve higher OCV with a fuel cell using 
ammonia as source fuel. 
These calculations do not take into account the partial pressure of the gases present in the fuel 
cell, therefore affecting the value of the open circuit voltage. To calculate them the following 
equation needs to be used: 
N113 ++ 
3 H2 +I N2 therefore, 22 
n. (1 
3 
n, X +1n. X = n. (1 +X» 22 
The OCVs were detennined considering the conversion achieved with the nickcl-YSZ anode 
and to evaluate the partial pressure of water. Using Nernst equation: 
RT 26 E=E* -- ln(-fv-! 
fff2o 
i2F p4ff3p3 p2 AF, 02 0 
It is possible to determine the expected OCVs. The partial pressure of oxygen is assumed to 
be constant and equal to 0.21 bar as air is the oxidant. The partial pressure of water is very 
low as the cell is operating at open circuit conditions. Py, o was estimated 
from the mass 
spectrometer data and was found to be 1.10-3 bar meaning that very little hydrogen is reacting 
at the electrode-electrolyte interface. The pressure of nitrogen was determined using the 
conversion of ammonia. From this, it is therefore possible to detcn-nine the OCV of the cell 
using ammonia as source fuel as shown in table 3.11. 
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Temperature (IC) ocv (V) 
500 1.338 
600 1.327 
700 1.301 
800 1.293 
900 1.245 
Table 3.6: Theoretical OCV's for a working cell using ammonia as fuel 
There are several causes for the losses of voltage within the cell. Typical losses are: non-ideal 
voltmeter, contaminants in the cell or leakage. Other factors influencing the OCV value are 
obviously the electrode materials. In this study, both the influences of the anode material and 
the ammonia concentration were analysed. This was done by varying the flow rates of 
ammonia and argon and using two anode materials: one giving a high ammonia 
decomposition and the second one showing lower conversion percentages. 
3.5.6.2 Comparison of Nickel and Silver using pure ammonia 
Ni-YSZ anode Ag anode 
at 800"C at 800*C 
Pure ammonia (ml/min) OCV (V) Pure ammonia (ml/min) OCV (V) 
4 1.152 4 1.052 
8 1.194 8 1.065 
21.6 1.22 21.8 1.086 
36 1.231 36 1.096 
54 1.238 54 1.108 
Table 3.7: OCVs achieved by the Ni-YSZIYSZ/Ag cell and the Ag/YSZ/Ag cell 
Table 3.12 shows the values obtained for the OCV at 800'C for the two anode materials. The 
data collected at 5001C, 6001C and 700'C is presented in Appendix B12. It can be seen that 
the nickel electrode gives a much higher open circuit voltage than the silver electrode for both 
the whole range of temperatures and flow rates studied. This higher value of the opcn circuit 
voltage can be explained by the higher conversion obtained with the nickel electrode. 
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Previous studies of the decomposition of ammonia on nickel have shown that nickel is much 
more active catalyst that silver for the cracking of ammonia. 
3.5.6.3 Influence of argon 
Ni-YSZ anode 
at 800"C At 800*C 
Ar(12 ml/min) +NH3 flow (ml/min) OCV(V) Pure ammonia (ml/min) OCV(V) 
11.2 1.202 8 1.194 
34.3 1.228 21.6 1.22 
46.1 1.232 36 1.231 
54 1.234 54 1.238 
Table 3.8: Influence of the concentration of argon on the OCV 
Table 3.13 shows the results obtained for different flow rates of arnmonia at 8001C, the OCV 
measured at 5001C, 6000C and 7000C are given in Appendix B12. There is a very small cffcct 
of the presence of argon in the gas stream. The value of the OCV decreases slightly as argon 
is added to the gas flow. This is demonstrated by using Ncmst equation and taking into 
account the variations of the partial pressures of the gases inside the reactor. When 12 ml/min 
of argon is added to the gas mixture; the partial pressures of all the gases decrease, which 
causes the drop of the OCV. 
Temperature ("C) ocv (V) 
700 1.228 
800 1.239 
850 1.238 
1.235 
Table 3.9: OCV's achieved by the Ni-YSZfYSZ/Ag cell at high temperatures 
Table 3.14 presents the OCV values for temperatures from 700"C to 900*C. Up to NOT the 
OCV increases suggesting that the ammonia is reacting at the electrode. Above 800"C the 
OCV begins to decline, this suggests that the gas atmosphere at the electrode has become rich 
in hydrogen. The conversion was calculated from experimental data at 850*C and 900*C and 
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it was found to be 93% and 98% respectively. The composition of the outlet gases was 
hydrogen, nitrogen, water and little ammonia, suggesting that almost all the ammonia has 
reacted at the electrode and hydrogen has become the predominant gas in the cell. This can 
cxplain the decline of the OCV as it has been shown that the OCV for a hydrogen cell 
decreases with the temperature. 
Ile OCV difference between 800'C and 850'C is equal to 4 mV and the difference between 
850"C and 900'C is 3 mV, however from the calculations of 
(aE) 
, the 
difference should 
ZIT p 
only be 10 mV. This discrepancy can be attributed to the presence of nitrogen in the gas 
mixture, diluting the hydrogen. 
3.5.6.4 Influence of the argon and comparison of the anode material 
With a Ni-YSZ anode With a Ag anode 
at 800"C at 800*C 
Ar(12ml/min)+NH3(ml/min) OCV(V) Ar(12ml/min)+NH3(ml/min) OCV(V) 
11.2 1.202 11.1 1.072 
34.3 1.228 34.2 1.092 
46.1 1.232 46 1.108 
Table 3.10: Influence of Ar for the Ni-YSZIYSZ/Ag cell and Ag[YSZ/Ag 
Table 3.15 shows once more the better catalytic properties of nickel towards ammonia, and 
the fact that argon does not make any difference to the gap between the OCVs achieved the 
two cells. 
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3.5.7 Repeatability of the experiments 
Good repeatability of experiments is one of the most important characteristics of any set up 
that requires a change of base elements such as the electrolyte tube or elements that are 
operator dependent such as the deposition of the electrodes (silver). Therefore, the EMFs of 
identical cells were compared to determine how much variations were observed between two 
cells. 
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Figure 3.51: Repeatability of the experiments for a Ag[YSZ/Ag cell at 8000C 
Figure 3.51 shows the good repeatability of the experiments for four different cells. The 
discrepancies vary from 0 MV to 10-15 mV, which is relatively low for this type of cells as 
they are assembled manually. 
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3.6 Pellet design 
I'lie two most common systems used in high temperature fuel cells are annular and planar. 
Pellet systems offer the possibility of producing extremely thin electrolyte membranes, and 
also to test the electrolyte material and predict the behaviour of the commercial cells. In this 
section, the potential of direct ammonia fuel cells using pellets was studied using silver and a 
nickel tape as anode material. 
3.6.1 Preparation of the pellets 
3.6.1.1 Pressure influence on the shrinking coefficient 
The preparation of the pellet was carried out as described in the experimental section 2.3.4. 
The influence of the pressure used to make the pellets and the sintering temperature was 
studied by measuring the shrinking coefficient and the density. 
Pressure Thickness before 
sintering (mm) 
Thickness after 
sintering (mm) 
Shrinking coefficient (%) 
32 MPa 1.40 1.12 20,0 
1.29 1.03 20.2 
64 MPa 1.72 1.37 20.3 
2.16 1.72 20.4 
127 MPa 1.55 1.24 20.0 
1.58 1.27 20.6 
190 MPa 1.27 1.01 20.5 
Table 3.11: Shrinking coefficient for different pressures at 1500*C. 
Table 3.5 shows that the pressure of between 32-190 MPa, used to prepare the pellets has no 
influence on the shrinking coefficient. It was much more difficult to obtain good pellets using 
high pressures; indeed the use of high pressures causes the fort-nation of layers in the pellet 
resulting in significant cracks when the pellet is sintered. The pressures used for pressing YSZ 
Pellets arc in the range of 50 MPa to 100 MPa 11021. The pressing time was relatively short, it 
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was first thought that a long time (10-15 mins) was needed for the pellet to be ready but it was 
soon realised that after I minute the piston was not moving and the compression was finished 
therefore it was not necessary to wait longer. The average value is 20.3% which is relatively 
close to the one obtained for the YSZ green tapes supplied by Pi-Kem Ltd which is 23.5%. 
3.6.1.2 Influence of the sintering temperature 
It has been seen in the previous section that the shrinking coefficient is independent of the 
pressure used to make the pellets. Another parameter, which has a significant influence on the 
properties of the ceramic, is the sintering temperature 1102-1031. The structural properties of a 
ceramic are directly related to the sintering temperature, the density and the shrinking 
coefficient being the main ones. It is desirable to achieve ceramics with densities as high as 
possible to ensure a good ionic conductivity and no porosity so that the electrolyte is entirely 
gas tight. 
Figure 3.52 represents the evolution of the shrinking coefficient with the sintering temperature 
for pellets pressed with 64 MPa. As the temperature is increased, the shrinking coefficient 
increases and reaches a plateau when the maximum density is reached. 
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Figure 3.52: Shrinking coefficient vs sintering temperature 
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Figure 3.53: Density vs sintering temperature 
Figure 3.53 shows the evolution of the real density with the sintering temperature. The 
densities increase gradually as the sintering temperature is raised. Figure 3.54 presents the 
evolution of the relative density. The relative density is the ratio of the real density to tile 
theoretical density. The theoretical density was calculated to be 5.958 g/cm 3. Tile relative 
density increases gradually with the temperature and reaches 91.7% of the theoretical density, 
at 1600"C. Between 15000C and 16000C, the experimental density does not increase 
anymore. This is typical of yttria stabilized zirconia, at temperatures above 1500*C the 
density barely increases [931. These relative densities below 94% could be a source of 
explanation for the low current densities achieved as one could expect short circuiting due to 
gas diffusing through the electrolyte. 
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Figure 3.54: Evolution of the real density and the relative with the temperature 
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A higher density is desirable for better conductivity 1931. The sintering temperature chosen 
for the pellets used in fuel cell application was 1500'C, even though it does not give the 
highest density. This was done because of the little improvement from 1500'C to 1600'C. 
Operating at 1600'C is very demanding for the heating elements in the furnace, causing them 
to fail more often. 
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Figure 3.55: SEM of a cross section of a pellet sintered at l600'C 
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Figure 3.55 shows the high density of the yttria stabilized zirconia pellets. There is no 
porosity, only small defects, which explains why only 91.6% is reached in relative density. 
3.6.1.3 Impedance spectroscopy characterization of the pellets 
The impedance of 8 mol% yttria stabilized zirconia was measured in the temperature range of 
3000C to 500'C with aI hour delay at each temperature before making the measurements to 
ensure that the temperature was uniform in the reactor. The ac voltage was 0.1 Vrms, and the 
frequency range between 1.106 and 0.01 Hz. All the tests were carried out under argon 
atmosphere. The pellet was 2.58 mm thick and had a diameter of 25 mm. 
a) Nyquist and Bode plot 
The Nyquist plot figure 3.56 shows three arcs at 340T, therefore a Bauerle equivalent circuit 
was used to model impedance experiments. He developed a model in 1969 to model the 
spectra of oxide ion conducting ceramics and more particularly yttria stabilized zirconia 192]. 
The Bauerle equivalent circuit is shown in figure 3.56. The fit between experimental and 
modelled data for Nyquist and Bode Plot is given in figure 3.57 and 3.58. 
Rl R2 R3 
'ýCPEI --4t: ýC'PE2 ýCPý] 
Figure 3.56: Equivalent electrical circuit 
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Figure 3.57: Nyquist plot of the experimental data at 3400C and the model 
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Figure 3.58: Bode piots or the experimental data at 3400C and the model 
The proposed equivalent circuit matches closely the experimental data at all the frequencies. 
To test the validity of the model, the Z-view softwareD was used. It allows the input of the 
Model and the determination of the characteristics of the electrical elements in the circuit. The 
statistical parameters Chi-square and Sum-of-Squares, which are outputs of the Z-view 
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SoftwareD, quantify the goodness of fit; they both should be minimum for the best model, i. e. 
they should have a value lower than 1. 
The results are presented in table 3.6. 
Chi-square Weighted-sum-of-squares Maximum error on equivalent circuit element 
3.0 10'4 0.026 6.7% 
Table 3.12: Statistical parameters and error evaluating the validity of the model 
Each semi-circle can be represented by a resistance in parallel with a constant phase element; 
each one of these arcs can be attributed to a polarization limitation. The low frequency arc 
describes the grain interior polarization, the intermediate arc represents the grain boundary 
polarization and the high frequency arc shows the electrode polarization. The smaller size of 
the second semi-circle shows that the grain boundary resistivity is not dominating the losses 
within the cell. It demonstrates that the powder has been optimized for fuel cell application 
purposes by making the grain boundary phases discrete. The bulk resistivity is the main 
limitation within the cell meaning that this can only be overcome by reducing the thickness of 
the ceramic. The third arc is associated with the electrodes and cannot be avoided; this arc 
becomes smaller as the temperature is increased. 
b) Activation energy calculation 
From the data collected using the equivalent electrical circuit, it is possible to deten-nine the 
activation energy of the bulk electrolyte from Arrhenius plot figure 3.59. The linear variation 
allows the detennination of Ea. 
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figure 3.59: Arrhenius plot of the bulk resistivity 
The activation energy of the 8 mol% YSZ is therefore 0.9 eV, which is close to what is 
usually obtained for this material 0.95 eV [94). 
3.6.2 Fuel cell operation 
Experiments were carried out in the same manner as for the annular fuel cell. Different 
electrode materials were used and the cell was alternatively fed with hydrogen or ammonia. 
3.6.2.1 Blank test 
A fine line of silver was painted on the inside of tube to ensure electrical connection, however 
this could cause a significant amount of ammonia to decompose and therefore influence the 
general behaviour of the cell. To verify if this hypothesis was correct, a blank test was carried 
out. A reactor was prepared with a pellet having no electrode material deposited on its faces; 
therefore the only possibility for the decomposition to take place was on the silver line. The 
reactor was then operated at 8000C using the same flow rates (50 ml/min of N113) used in fuel 
cell conditions. The gas composition was analysed using the mass spectrometer, results for the 
composition before and after the passage in the reactor are presented in table 3.7. 
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Gas Signal Before the reactor Signal After the reactor 
H2 1.65*10 -9 1.70* 10-" 
NH3 8.71 *10-7 8.78*10" 
N2 4.30*10-9 4.32* 10-9 
Ar 2.3 8* 10-7 2.35*10-' 
Table 3.13: Gas signals for the blank test 
Table 3.7 shows that the signals are not affected by the passage through the reactor. 
Therefore, it is not necessary to take into account the decomposition of ammonia on the anode 
line making the connection to outside the reactor. 
3.6.2.2 1 nnuence of the thickness of the pellet 
The thickness of the electrolyte material is the main source of losses in a high temperature 
fuel cell. For this reason, pellets with different thicknesses were prepared and tested to 
evaluate the effect of the resistance of the yttria stabilized zirconia powder used for our 
experiments. The system studied is a Pt/YSZ/Ni-YSZ. The cell was operated with hydrogen 
and ammonia to also compare the performance of the two fuels. 
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Sigure 3.60: Influence of the electrolyte thickness, IN curves, Ni-YSZIYSZ/Pt at 800*C 
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Figure 3.60 shows the IN curves achieved by the three Ni-YSZ/YSZ/Pt cells at 8000C. The 
data collected at lower temperatures is shown in Appendix B8. As expected, the thicker pellet 
gives the lowest current densities for a given EMF. For example, at 0.6 V, the corresponding 
current densities are 2 mA/cm 24 mA. /cM2 and 7.5 mA. /cM2 respectively for the 1.00 mm, 0.75 
mm and 0.50 mm pellets. If we consider the thinnest and the thickest pellets, there is a factor 
of 3.7 between the current densities whereas the factor between the thicknesses is only 2. The 
resistivity of the electrolyte is directly proportional to the thickness of the pellet. For a given 
temperature, there is an associated resistivity, at 800'C, the resistivity of 8 mol % YSZ is 
equal to 20 ohm-cm. Therefore the resistivities of the pellets are 2 ohms and 0.2 ohm. This 
means that the electrodes have influenced the behaviour of the cell. The anodes were preparcd 
identically, and the cathode deposition could be controlled with the same level of attention. 
The platinum was very difficult to apply as it came as a powder therefore the amount was 
difficult to control. This is the most likely explanation for the discrepancy at these EMFs at 
high current densities there is a logical explanation for the large difference. 
The same type of experiment was repeated with the Ni tape as anode material and silver as 
cathode material. In this case it was possible to predict the performance of one cell using the 
data collected from the other one. The results are shown below. 
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Two pellets of different thicknesses (0.39 mm. and 0.95 mm) were pressed with 64 MPa and 
sintered at ISOO'C. The amount of paint sprayed on the face of tile pellets was the same (15 
MgICM2). It was carefully measured with a precision balance. 
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Figure 3.61: Influence of the thickness of the electrolyte pellet at 800"C on the Ni-YSZIYSZ/Ag cell's 
performance 
Figure 3.61 show the influence of the thickness of the pellet. The thinner pellet exhibits much 
higher current densities. According to the theory the resistance of the electrolyte material is 
directly proportional to the thickness of the pellet, meaning that the results obtained with a 
pellet could help predicting the performance of thinner or thicker pellet having the exact same 
electrode configuration. 
Using the results obtained for the 0.39 mm pellet, the performance of the 0.95 mm, pellet was 
predicted and compared with experimental measurements. 
0.95 The ratio of the thicknesses is k=0.39 = 2.43. 
TIIe predicted IN curve for the 0.95 mm thick pellet was obtained by dividing the current 
densities of the current densities of the 0.4 mm thick pellet by k. 
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Figure 3.62: Simulation of NI-YSZtYSZ/Ag cells performance at 80011C 
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The predicted data fits very well with the experimental values as shown on figure 3.62. This is 
especially true at small and intermediate current densities. At low current densities, the 
activation losses are identical as the two systems are identical (same electrodes). At 
intermediate current densities the losses are due to the ohmic losses within the cell, i. e. the 
electrolyte and the electrodes. Therefore by increasing the term due to the ohmic resistivity it 
is possible to predict the cells behaviour. However, a discrepancy ariscs at high current 
densities when diffusion concentration adds up to the rest of the main sources of losses. The 
model cannot fit the experimental data as it only increases the ohmic losses and does not 
modify the diffusion term. Indeed, a thicker electrolyte has the direct consequence of making 
the diffusion limitation important. 
This is observed at 800'C and 700'C but as the temperature goes down to 600"C, the 
predicted data fits the experimental value at all current densities. This can be explained by the 
fact that at lower temperature, the main source of limitation will be the resistivity of the 
electrolyte. The electrolyte ceramics considered are still "thick" and operating at temperatures 
as low as 6001C greatly limits their performance. 
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3.6.2.3 Influence of the deposition method 
It has been seen with the annular design that the method of deposition used for the electrodes 
has a significant influence on their properties. A 0.5 min thick pellet was produced and tested 
in fuel cell operation. Silver was used for both electrodes. To evaluate the influence of the 
cathode structure, two methods of deposition were used for the cathode. In the first case, the 
cathode was simply painted using a brush and in the second case the cathode was sprayed 
onto the electrolyte pellet, in the third case the cathode was sprayed and the anode was 
painted. 
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figure 3.63: Influence of the deposition method of the cathode on the performance of the Ag/YSZ/Ag at 
90011C 
Figure 3.63 shows that the method of deposition of the silver paint has a significant cffect on 
the performance of the cell. The cell with the sprayed cathode exhibits much higher current 
densities. This is related to the structure of the cathode. When the cathode is paintcd the 
coating is much denser and forms layers therefore making it more difficult for the oxygen ions 
to diffuse to the triple phase boundary. Hence, when the cell is operating at relatively high 
Current densities, the slow diffusion causes a large drop in the EMF of the cell. For example, 
2 at 5 mA/crn , the EMF delivered by the cell with the sprayed cathode 
is 0.6 V and for the 
painted cathode it is only of 0.1 V. Van Herle et a]. 1811 reported that the structure of the 
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cathode plays a very important role in the oxygen reduction. They examined tile electrode 
mechanism as a function of varying electrode morphology and showed that it is possible to 
attribute the limiting current to the bulk diffusion of oxygen atoms through the whole area of 
the silver cathode for a dense electrode. The limiting current was evaluated at NOT in air to 
be 0.86 A. CM-2 for a 0.5 prn thick electrode layer. 
3.6.2.4 Anode influence 
The anode material has a great influence on the performance of the cell as it has already been 
demonstrated. Two different materials were used for anode material: sprayed silver and the 
nickel tape supplied by ESL. The comparison of the performance of a single cell running on 
pure ammonia at a flow rate of 50 ml/min is presented. 
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Figure 3.64: EMF performance comparison between and Ni-YSZ (ESL Ltd) and Ag anode at 8000C 
Figure 3.64 clearly depicts the much better results obtained with the nickel tape. Even though 
the pellets have a similar thickness, 0.95 mm for the Ag/Ag cell and I mm for the Ni-YSZ 
(ESL Ltd)/Ag cell, the second one delivers much higher current densities. This is mainly due 
to the better catalytic and conducting properties of the nickel tape. 
. 
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3.6.2.5 Open circuit variations 
As was done for the tubular system the variations of the OCV were studied to observe the 
influence of the cathode and anode materials. 
There is a very large difference between the results obtained with the silver anode and the 
nickel anode. The gap is comparable to the one observed with the tubular system but in this 
case the values achieved with the silver anode are so low that the cell would not be suitable 
for operation. Only 0.6V is reached at 600 IC with a silver anode whereas the nickel anode 
gives 0.87 V. This is due to the high partial pressures of ammonia. Indeed, the design of the 
reactor is such that the volume of the reacting layer is very small compared to the volume of 
the reactor, meaning that in terms of partial pressures, the partial pressure of hydrogen is 
much lower than in the case of the tubular reactor. Hence, in the Nernst equation the log term 
is much bigger, causing the drop in OCV. 
The study of the decomposition of ammonia on different metals was carried out at open 
circuit conditions with the tubular system and it showed that nickel is much more efficient, 
which explains the difference between silver and nickel. 
3.6.2.6 Ammonia vs Hydrogen 
Experiments were carried out with the Ni tape/YSZ/Ag system using the 0.39 mm thick 
pellet, to determine whether the previously observed trends (annular system) would be similar 
in a system with much increased ammonia conversion. The flow rates of ammonia and 
hydrogen were respectively 40 ml/min and 60 ml/min. 
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Figure 3.65: IN curves for hydrogen and ammonia at 60011C, 700"C and 800*C 
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A remarkable result can be observed in figures 3.65 and 3.66, pure ammonia gives higher 
power densities than pure hydrogen when operating at temperatures above 700"C. The 
difference between hydrogen and ammonia is 15 MW/CM2 at 800'C for a single cell as shown 
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in figure 3.65, showing the high potential of ammonia. This is achieved using an appropriate 
anode material i. e. a nickel cermet which catalyses the decomposition of ammonia and allows 
the attainment of high conversions. This effect was observed in both annular and pellct system 
at temperatures above 700'C. Below this temperature, hydrogen gives better pcrfon-nance 
than ammonia as not enough hydrogen is being produced at the anode. This difference 
between the two gases can be explained by calculating the activities ratio in the Nernst 
cquation. The gas compositions on the anode side are very different when considering 
ammonia or hydrogen as source fuel. 
The gas composition can be calculated using ammonia and hydrogen conversions. If I mole 
of ammonia enters the cell, 92% is converted to hydrogen and nitrogen and 20% of the 
hydrogen is used; the mole fraction of ammonia, nitrogen, hydrogen and water arc as follows: 
XMIS = 0.042, x IV2 = 
0.24, x,,, = 0.575, XH20= 0.144 
In the case of pure hydrogen the mole fractions are: 
x,,, = 0.8, xH, o = 0.2 
The activity of the gases is defined by: a, = xj0jP (1) 
The equilibrium constant for a pure hydrogen is the following one: 
K, = 
all, o (2) 
aa 
1/2 
ff2 02 
The equilibrium constant for an ammonia system is as follows: 
K2 = 1/2 1/2 (3), where K is the equilibrium constant of the decomposition reaction of K. ajvH, 0. 
ammonia into hydrogen and nitrogen at 8000C. 
The fugacities can be calculated using Van der Waals equation of state: 
RT a p= ._T, 2 (4) Vi -bV, 
f, = Oj. P (5) 
a= 
27 (RT, )2 
; b= 
R T,. (6) 
64 P, 8 P, 
It can be shown using the definition of fugacity that: 
ln(f, ) = In 
RT ) 
+- 
b- 2a (7) 
(VI 
-b V, -b RTV, 
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ln(O, )=Iti f' =-In 
(VI - b)P] +b-- 
2a (8). 
(P)[ 
RT Vi -b RTV, 
It is therefore possible to compare KjandK2 . The activity of oxygen is assumed to be 
identical in both system; therefore K,. a 112 and K a' /2 were estimated and have a values of 02 2* 02 
0.2498 and 0.0085. This low value of K implies that the logarithm in the Nernst equation has 
a higher absolute value and therefore explains the higher EMF of the cell running on ammonia 
than on pure hydrogen. 
3.2.6.7 Determination of the activation polarization losses 
Activation polarization losses are related to the rates of electrochemical reactions. This refers 
to the voltage drop required to move the electrochemical reaction forward at a finite rate 1471. 
It is due to the energy barrier that must be overcome to make it possible for the reactions to 
occur. Catalysts are used in the low-temperature fuel cells to lower the activation potential 
and allow the reaction to proceed. In the case of SOFCs these losses are small because of the 
high operating temperatures. They can be expressed by the Butler-Volmcr equation. When the 
current is very low the required reactant transport rates are also low and thus the concentration 
gradients across the fuel cell are small. In this case, the reaction rate is controlled by the 
activation overpotential and the concentrations of reactants at the reaction sites approach the 
inlet concentrations. 
The Butlcr-Volmcr equation is a gcneral description of an electrochemical reaction, 
containing both reduction and oxidation components [1]. 
For a single electrode, the equation is equal to the following expression: 
io exp 
(I 
- a)zFq,, EFqD (Eq. 1) 
I( 
RT 
ýýRT 
where io is the exchange current density, a is the transfer factor and z is the number of 
electrons participating. For the case of a large overvoltage, which is the practical case, the 
second part of the equation, which is the reaction in the opposite direction, can be neglected, 
therefore for the anodic current range and the cathodic current range i has the following 
eXPressions: 
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i. = i. exý 
CZF17D ) (Eq. 2) 
io exp 
(I - a)zF27D (Eq. 3) 
RT 
Therefore for a cell the Butler-Volmer equation takes the following form: 
F17D (1 - O)ZF17D i=io 
jexp(ýERT 
exp(- RT 
(Eq. 4) 
I 
A high exchange current density means a high electrochemical reaction rate and good fuel cell 
perfonnance can be expected. 
Depending on the importance of the phenomenon, activation polarization can take two fon-ns: 
Under high activation polarization, the first exponential term is much greater than the second 
term; therefore by rearranging the above equation in a logarithmic form, the Tafel equation is 
obtained: 
qD =b In i-b In i,, (Eq. 5) 
Where b= RT and is called the Tafel slope, and the exchange current density, io, are 
zaF 
cxpcrimcntally dctermincd constants 156]. 
In the case of low activation polarization, the term 
17DcaF is much less than unity and the RT 
cxponential tenn can be expressed in Taylor series. If the tenns with orders greater than unity 
are neglected: 
17D = 
RT 
i(Eq. 6) 
zaFio 
It is therefore possible to determine the activation potential using the Tafel equation. 
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FIgure 3.68: Evolution of the activation over-potential with the current density 
Figure 3.67 and 3.68 present the evolution of the activation overpotential with the current 
density. It shows that the losses are dominated by activation polarization at low current 
densities but as the current density increases other losses become more important like ohmic 
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losses and concentration polarization. The anode contribution could not be determined as 
another parameter has to be considered: the ammonia decomposition. The conversion changes 
with the anode meaning that the behaviour of the cell is different and the losses will not only 
be due to the anode but also to the amount of hydrogen produced. This makes it impossible to 
estimate the anode contribution to the total losses. 
3.7 Comparison of the different designs and available data 
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FIgure 3.69: Normalised IN curves of high performance fuel cell systems using ammonia 
Ammonia has been used as a direct fuel source in several systems. Mctkemcijer was the first 
to report [107-1081 the high potential of ammonia as fuel source in a fuel cell but ammonia 
was not fed directly to the cell; a reformer was used to decompose ammonia. Wojcik Ct al [51 
were the first to publish work on a direct ammonia fuel cell using yttria stabilized zirconia as 
electrolyte material and silver and platinum as electrodes. More recently, Dekker el al have 
reported on the use of an anode (NiO-YSZ/YSZ/LSM) supported fuel cel 111091. The systems 
used have shown different degrees of perforrilance but all confirmed tile high potential of 
ammonia. Figure 3.69 presents a comparison of the performance of the different cell's 
configuration non-nalized to the thickness of the electrolyte material as it is the main source of 
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limitation within the cell at 800*C. The reference material was 8 mol% yttria stabilized 
Zirconia, whichhas aresistivityof approximately 20 ohm. cm [1101 at 800'Cwith athickness 
of 0.4 mm. and the resistivity of 6 mol% yttria stabilized zirconia was calculated to be 30 
ohm. cm at 800*C using the data available for 8 mol% YSZ and 3 mol% YSZ. The current 
densities of the cells with a thinner or thicker electrolyte were multiplied by a proportional 
factor given by: 
L 
where L is the thickness of the electrolyte in cm when the electrolyte 0.4 
material was 8 mol% YSZ. In the case of the 6 mol% YSZ tube, the proportional factor was 
adjusted considering the fact that the conductivity is different. 
The results obtained with the silver anode were too low to be put on the same figure and are 
shown on a separate figure. Nickel anodes appear to achieve the best results, which in 
agreement with previous studies that demonstrated the high catalytic activity of nickel 
towards ammonia [61 and the results found in this study. Furthermore, the pellet design 
generates the highest current densities for a given potential compared to the annular design, at 
0.6 V, the pellet generates 55 m. A/cm. 2, the tube 35 mA/cm 2 and Wojcik annular cell's 30 
2 mA/cm 
Figure 3.70 shows the results obtained with Ag/YSZ/Ag, which have been normalised using 
the same method as used for the previous graph. The results obtained by Wojcik et al. were 
much lower; the silver used can be a source of explanation as the catalytic activity is likely to 
be significantly changed by the nature of the silver. The figure only shows the 
potential/current data for the Wojcik data. It demonstrates that the best power densities are 
achieved with the pellet design, but the difference is not so significant. Furthen-nore, at low 
current densities, the tube and the pellet exhibit similar performance, the discrepancy appears 
as the current densities attain high values. Another important point to notice is tile poor 
performance of an Ag/YSZ/Ag system compared to the other systems shown in figure 3.66 
there is at least a factor 4 between a silver/silver system and a NiO tape/silvcr system. This 
demonstrates once more the importance of the anode material in terms of catalytic and 
electronic properties. At 0.6V, the cell only achieves 8 mA/cm 
2. Hence silver is not an 
adequate electrode material for direct ammonia fuel cells due to its low ammonia conversion 
and high cost. 
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Figure 3.70: Normalised IN and I-P curves for Ag/YSZ/Ag systems 
3.8 Influence of the cathode (design and material) 
3.8.1 Material influence 
a 
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Previous experiments showed that there is no difference between a platinum anode and silver 
anode when using silver as cathode material. 
According to the literature [51, a Pt/YSZ/Pt configuration showed high performance when 
used with a tubular system. Platinum was therefore applied on the YSZ tube. 
3.8.1.1 Influence of the cathode material 
Experiments carried out using platinum showed that there is no difference between a platinum 
anode and silver anode when using silver as cathode material and a gas flow of 24 ml/min for 
ammonia and 24 ml/min for Ar. 
The deposition of the paint on the inside of the tube revealed itself to be very difficult as the 
paint takes a very long time to dry and therefore the paint does not stick to the surface of the 
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tube and tends to accumulate on one side. Several depositions were needed to obtain good 
conductivity over the whole length of the tube (3 ohms). 
3.8.1.2 Influence of temperature 
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Figure 3.71: Influence of the operating temperature on the behaviour of the Pt/YSZtPt cell 
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Figure 3.71 illustrates the influence of the temperature on the performance of the cell between 
600*C and 8001C. This graph is a typical representation of the improvement of the 
perfon-nance with a higher operating temperature. The conductivity of the electrolyte material 
increases with the temperature and the ammonia decomposition is higher. 
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3.8.1.3 Comparison with the Ag/YSZ/Ag cell 
Results at 8000C are shown on figure 3.72, the data collected at 600'C and 700'C are 
presented in Appendix B9. 
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Figure 3.72: Comparison of the Pt/YSZ/Pt and Ag/YSZIAg cells at 8000C 
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The two sYStems give very different results and rather unexpected. Platinum is one of the 
most commonly used materials for electrode due its high catalytic activity for hydrogen 
electro-decomposition and oxygen reduction. The data collected does not support what has 
been previously obtained. The experiments were repeated several times and the same values 
were obtained for every set of results. To investigate what could be the reason for this peculiar 
behaviour, the amount of oxygen ions present on the anode side was evaluated. This was done 
by pumping oxygen ions through the electrode-electrolyte-electrode system. 
3.8.1.4 Oxygen pumping for the Pt/YSZ/Pt cell 
One of the ways of characterizing the cathode and the electrolyte material is to study the 
generation of oxygen ions by applying a voltage on the cell and measuring the oxygen level. 
The electrolyte materials used in solid oxide fuel cells and more particularly in this study are 
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oxygen ion conductors, meaning that the ceramic will only conduct oxygen ions. Several 
studies have revealed that CaSZ has a significantly lower ion conductivity than yttria 
stabilized zirconia over a wide range of temperatures suggesting that the oxygen level on the 
anode side should be much lower than the one seen in a YSZ system. 
To carry out this study 3 different voltages were applied on the cell. The voltages were: I V, 2 
V and 4V to measure the oxygen generated. A negative potential of -2 V was also applied on 
the cell to make sure that the ions were only diffusing in one direction: from the cathode to 
the anode. The current passing through the cell was recorded using a potentiometer. Three 
different cells were tested at temperatures ranging from 6001C to 800'C: 
- Ag/CaSZ/Ag 
Ag/YSZ/Ag 
Pt/YSZ/Pt 
Results are presented for the Pt/YSZ/Pt and Ag/YSZ/Ag cells at 700T, the rest of the results 
are presented in Appendix B 10. 
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Figure 3.73: Oxygen generated at 7000C for the Pt/YSZ/Pt cell 
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Figure 3.74: Oxygen generated at 7001C for the AgfYSZIAg cell 
Figures 3.73 and 3.74 clearly show the effect of the voltage on the generation of oxygen ions. 
As the voltage is increased, there are more oxygen ions diffusing through the electrolyte 
material. 
Table 3.8 presents the values of the oxygen signal for the each voltage for the platinum cell 
and the silver cell. 
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YSZ Ag-Ag I YSZ Pt-Pt 
Temperature 60011C 
Voltage (V) 02"signal in A*10-'O 02- signal in A*10-'O 
1 0.96 
2 1.1 
4 6 1.1 
Temperature 700 IC 
1 2.6 0.6 
2 3.5 0.98 
4 9.2 2.5 
Temperature 800 OC 
1 7.6 0.88 
2 9.9 1.6 
4 >10 4.1 
Table 3.14: Oxygen signal at different temperatures and voltages 
If the oxygen signals are directly compared it can be noticed that there are much more oxygen 
ions present in the Ag/YSZ/Ag system than in the Pt/YSZ/Pt system. This behaviour is 
observed at all temperatures and for all voltages applied on the cell, this therefore gives an 
explanation for the much lower performance of the platinum cell. 
CaSZ Ag-Ag YSZ Ag-Ag YSZ Pt-Pt 
Temperature CC) Voltage (V) I (mA) I (mA) I (mA) 
600 1 23 174 7 
2 41 227 51 
4 84 1365 181 
700 1 102 615 40 
2 185 841 157 
4 412 >2200 541 
800 1 295 1258 143 
2 544 1880 478 
4 1572 >2200 1028 
Table 3.15: Current passing through the cells at different temperatures and voltages 
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Table 3.9 shows the values of the current passing through the cell when a voltage is applied. 
Ile results demonstrate that there is much higher current passing in the Ag/YSZ/Ag cell than 
the other two cells. At temperatures above 600'C it was impossible to carry out the 
measurements as the signal for the mass spectrometer went out of range. 
Ile lower values for the Ag/CaSZ/Ag cell were expected as calcia stabilized zirconia has a 
lower ionic conductivity. In the case of the Pt/YSZ/Pt it was unforeseen. These measurements 
confirmed that the platinum paste used for the electrode material was not adapted for its use in 
SOFC. Further investigation on the suspected material revealed that the paste was not pure 
platinum but contained 40% of lead and silica. The company suggested that when the paste is 
sintcred these 40% of lead and silica are forming a layer between the platinum coating and the 
electrolyte material. This resulted in the lead-silica layer blocking the oxygen ions and 
therefore explaining the lower currents achieved with the Pt/YSZ/Pt cell. 
To quantify how much oxygen is actually transported through the electrolyte membrane, the 
maximum amount of oxygen that can be transported was calculated using Faraday's law and 
the current measured in the cell. 
I=z. F. Q, where I is the current, z the number of electrons, F the faraday constant and Q the 
molar flow of oxygen ions. Figures 3.75 and 3.76 show the representation of tile actual 
transported ions vs the calculated values at IV, 2V and 4V using the data in table 3.9. 
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Figure 3.76: Oxygen transported through the electrolyte vs oxygen calculated for the Ag/YSZ/Ag cell 
Figures 3.75 and 3.76 show that almost 100% of the oxygen is transported when IV or 2V is 
applied on the cell, however as it is increased to 4V, electronic conduction appears to be 
dominating and less oxygen is transported. On figure 3.75, at 700'C, all the points are far 
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from the 100% mark which is due to the fact that the electrolyte is being damaged by the 
applied voltage. 
3.8.2 Silver anode on the inside of the tube 
After having studied the performance of a cell having the anode on the outer surface of tile 
electrolyte tube, the cell design was reversed and the ammonia was fed on the inside of the 
tube. The cathode was deposited using the air spray and the anode was simply deposited by 
sucking the silver using a pipette and could therefore not be controlled. This had the effect of 
increasing the active surface area of the cathode and allowing the modification of the method 
of deposition and hence more control over the cathode. The difference between the 
performances of the two configurations is remarkable. Especially at 500'C, see Appendix 
B 11, for a given voltage, the current density achieved by the cell having the cathode on the 
outer surface is ten times greater than that obtained with the other cell. As the operating 
temperature is increased the discrepancy is reduced. For example, at 800'C, figure 3.77, for a 
given EMF, the current density achieved by the cell with ammonia fed inside the tube is three 
times greater than the other set up. This cannot be attributed the larger surface area of the 
cathode, as the factor is only 1.5, the only explanation is the structural difference between the 
cathodes. Figures 3.78 and 3.79 illustrate this difference. When the cathode is situated on the 
inside of the tube, it is much denser meaning that the diffusion process will be a lot slower 
and the current densities achieved lower. When the cathode is deposited on the outside of the 
electrolyte tube, the porosity is much more visible, favouring the decomposition and the 
diffusion of oxygen, which explains the much better performance of the cell. 
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3.9 Simulations using Femlab 
Femlab or Comsol Multiphysics is a piece of software used in chemical engineering and other 
fields to model the behaviour of many different types of reactors or reactions the operating 
conditions and the initial parameters are known. In our case, it is possible to simulate the 
evolution of the gas composition and the velocity field on the anode side. The equations are 
applied to a 2D system (z = 0) to simplify the calculations and the handling time. 
The equations used to model the convection and diffusion phenomena were the Stefan- 
Maxwell equations as the Fickian approach does not take into account the interactions 
between the gases when there are more than 2 gases in the mixture. The first challenge in 
modelling the electrodes is in determining the rate at which the species diffuse through the 
electrode. Several different empirical equations are used in the literature to deten-nine the 
mass flux and concentrations losses. The important point is to know how to best solve tile 
concentration gradients and species distributions in the domain. It requires the modelling 
knowledge of mulitcomponent diffusion which is not trivial. The Stefan-Maxwcll equations 
are more rigorous and more commonly used for multicomponent systems: 
VT (Eq 1) paw'+V- pw, Dik VXk + 
(Xk 
- Wk 
P- 
+DT -- =R-pu-Vw, 
p jr 
at p) 
ET 
- w, is the mass fraction of the species i 
- D' is the multicomponent thermal diffusion coefficient. 
dPx, v, - E,,, I -R is the reaction rate, -= -ký P,,,, where k, A. exp s' and dt RT 
A=1.309.10" and E.,, = 49229 cal/mol. 
-P= 
M. P 
= density T. R 
- Af = molar mass average 
-R=8.3144 (J/K/mol) 
-T =temperature (K) 
-P= pressure (Pascal) 
-u=u (x-velocity) 
-v=v (y-velocity) 
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The modelling of the diffusion using the Stefan-Maxwell equation also rcquires the 
determination of the binary diffusion coefficients for the gases present in the cell which was 
calculated using the following equation [1001: 
Dil = 
1.00 X 10-7 T' . 75(1/M i+llMk )1/2 
p[ v 
Y/3 
+(: ZVkyl3f 
(z 
i 
- 1: v, is the sum of structural volume increments for the gas i 
P is the pressure of the system 
M, is the molar mass of the gas i 
T is the temperature in K 
The equations used to generate the velocity field were the incompressible Navier-Stokcs 
equations, as the velocities in the reactor are very low (- 0.3-0.4 cm/s) compared to the speed 
of sound of the fluid. The Mach number: Ma =V (V=velocity of the fluid, a= spced of sound 
a 
of the fluid) is therefore lower than 0.3 and it can be assumed that the flow is incompressible. 
The conservation of momentum or Navier-Stokes equation is essential in order to correctly 
model the fluid velocity and species partial pressures. 
-0 -* V-+ r+-. p of 
N+ 
P(u - V) u =v- PI+17 VU+ 
( 
U) F (Eq 2) 
and V-u =0 
MY 
TR 
dynamic viscosity 
F, = 0 (volume force, x-dir) 
Fy =0 (volume force, y-dir) 
Initial values: 
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U00) =0 
vfto) = v(, (variable) 
P(to)=P=l bar 
The system takes into account the decomposition reaction of ammonia on the anode surface. 
The model used for the decomposition of ammonia was chosen among those proposed by 
several studies. It has been found that the reaction rate is mainly a function of the ammonia 
partial pressure as such the model used was the one proposed by McCabe. He carried out his 
experiments over nickel wires and for temperatures above 1000K. He demonstrated that the 
rate of decomposition is nearly first order with respect to the pressure of ammonia [106). As 
our experiments were carried out using a nickel based catalyst and temperatures above 
IOOOK, it was therefore decided to use this model. It does not include the electrochemical 
reaction between hydrogen and the oxygen ions. Despite all the efforts put into including 
water production, i. e. the second reaction in the system, the system would not converge. 
However, as a first approximation, the following model allows the investigation of the gas 
composition of the anode atmosphere. The simulation suggests that the ammonia 
decomposition is very fast and therefore the gas mixture is mostly hydrogen only a few 
centimeres from the reactor's inlet. 
3.9.1 Annular design 
During the experiments it was noticed that the flow rate of ammonia plays a role depending 
on the type of electrodes used, particularly with the Ni-YSZ cermet in the performance of the 
fuel cell. If the flow rate is very low or very high the cell will not operate at its maximum 
potential. Therefore it was decided to carry out simulations to reproduce what is happcning on 
the anode side and understand it fully. To highlight this, pictures showing the mass fraction of 
ammonia within the cell are presented for different velocities at 800'C. The gas was chosen to 
be pure ammonia and is fed from bottom of the tube. The catalyst is not active on the whole 
length of the tube therefore for the modelling the catalyst was only placed as shown on the 
figures. Both Stefan-Maxwell and Navier-Stokes equations were used for the modelling. 
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3.9.1.1 Presentation of the cell 
Figure 3.80 gives a schematic representation of the reactor with the real dimensions of the 
tubular reactor. 
D=0.3 cm 
14 00 
P=1 bar 
24 cm 
Feed 
Catalyst 
12 cm 
u (t. )=0, v(t. )= v (variable), 
Figure 3.80: Schematic of the reactor used for the modelling 
3.9.1.2 Mesh derinition 
Figure 3.81 shows the mesh of the system used for the resolution of the domain in figure 3.80. 
The simulations were first carried out with a coarse mesh to see if the system was converging. 
The first results did not give a clear representation of the mass fraction and the velocity field 
in the reactor. The system was not converging at every point. Therefore the mesh was refined 
to see if the system was still converging towards the same values and if it could give a clearer 
picture. This was successful and the results are presented in the following section. 
Mesh parameters: 
Predefined mesh sizes: normal 
Maximum element size scaling factor: I 
Element growth rate: 1.3 
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Mesh curvature factor: 0.3 
Mesh curvature cut off. 0.001 
Resolution of narrow regions: I 
Mesh geometry to level: Subdomain 
Refinement method: Regular 
Atmospheric 
pressure 
10 
No slip 
Mass fraction 
Outlet initial boundary conditions 
P=1 bar 
Symmetry 
Feed 
Xýý'111 ýI' Xli, =O' XN2 =O 
Figure 3.81: Mesh of the system and calculation parameters 
3.9.1.3 Simulation Results 
The result of the simulations is presented in the following section. Only the simulations 
carried out at 800'C are presented as the most important experimental results were obtained at 
this temperature. Indeed the highest conversions were reached at 800'C as well as the highest 
power densities. 
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Figure 3.82: Ammonia mass fraction for an inlet velocity = 0.01 cm/s 
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Figure 3.83: Ammonia mass fraction for an inlet velocity = 0.05 cm/s 
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Figure 3.84: Ammonia mass fraction for an inlet velocity= 0.1 cm/s 
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Figure 3.85: Ammonia mass fraction for an inlet velocity = 0.5 cm/s 
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At very low velocities, (figure 3.82), all the ammonia is decomposed before it reaches the 
outlet of the reactor. However, the problem associated with low velocities is that the 
atmosphere is not renewed and therefore all the hydrogen will be consumed and the 
performance of the cell will slowly decrease. As the velocity of the gases rises the 
composition of the anode atmosphere changes. A compromise must be found to ensure that 
there is enough time for the ammonia to decompose but also to make sure that the produced 
gases arc taken away. 
These results compare well to what was observed experimentally using the Ni-YSZ supplied 
by ESL Ltd as a conversion of 92% of the ammonia fed to the cell was achieved. When we 
integrate the composition of the gases coming out of the domain over the reactor outlet area in 
figures 3.83,3.84 and 3.85 it could be shown that it is theoretically possible to achieve 100% 
conversion, as long as the flow rate of the feed is not too high. 
3.9.2 Pellet design 
A similar type of study was carried out on the pellet design to determine the concentration 
profile in the reactor. A simpler 2D model was used for the simulation. 3D modelling was too 
tedious to handle with all the gases and corresponding Maxwell-Stefan and Navicr-Stokes 
equations. A velocity distribution was however obtained using the Navier-Stokes equations as 
shown on figure 3.90. Figures 3.88 and 3.89 show the mass fraction profiles for ammonia and 
hydrogen. The pellet coated with the catalyst is situated at the top of the figures. Tile catalyst 
covers almost the whole width of the pellet. The hydrogen mass fraction increases as it gets 
closer to the anode surface but in the rest of the reactor it is mainly ammonia, explaining the 
high performance due to the high partial pressure of ammonia. The temperature was chosen to 
be 800OC; the inlet velocity of the gases was 0.5 cm/s to ensure good gas circulation in the 
reactor. Both Stefan-Boltzmann and Navier-Stokes equations were used to do the modelling. 
Pure ammonia was fed into the reactor and only the decomposition reaction of ammonia was 
considered. Due to the low conversions of ammonia the first order reaction was still suitable 
to model the decomposition reaction. 
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3.9.2.1 Presentation of the cell 
Figure 3.83 is a schematic of the reactor used for the modelling experiments. 
Catalyst 1.2cm 
15cm 
1.8cm 
Figure 3.86: Schematic of the reactor used for the modelling 
Gas circulation 
Due to the 2D approach, this system is an infinite slab and not a circular system. I'lie 3D 
approach requires too much time to converge. An insight in the possibilities of the 3D is given 
in 3.9.2.3. 
3.9.2.2 Mesh derinition 
The mesh parameters are identical to the ones used for the annular system: 
Predefined mesh sizes: normal 
Maximum element size scaling factor: I 
Element growth rate: 1.3 
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Mesh curvature factor: 0.3 
Mesh curvature cut off. 0.001 
Resolution of narrow regions: I 
Mesh geometry to level: Subdomain 
Refinement method: Regular 
Figure 3.87 shows the mesh of the system used for the resolution ofthe domain in figure 3.86. 
The experiments were first carried out with a coarse mesh as with the annular system, to see if 
it would converge. The first results did not give a clear Picture thcref'ore the rnesh was refined 
to see if the system would still converge and give the same values and if it could give a clearer 
picture. This was successful and the results are presented in the following section. 
No slip 
I 
oni 
Atmospheric 
pressure 
Eý 
1. xit 
1, l' =1 bar 
, vif, ii? 
Vo K)ý Vo ý "o (l. ) =O 
Figure 3.87: Mesh of the pellet reactor and calculation parameters 
3.9.2.3 Results 
Figure 3.88 and 3.89 show the mass fraction profile in the support tube of tile pellet system. 
The simulation results obtained confirm what was observed experimentally, i. e. that the 
composition of the gas coming out of the cell is mainly aninionia. The ammonia mass fraction 
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is close to zero at the anode surface but it increases rapidly when going away from it. This 
explains the higher ammonia mass fraction on the left hand side ofthe reactor which does not 
occur in a real system. 
N113 mass 
Fraction 
15 cni 
Figure 3.88: Ammonia mass fraction profile within the reactor 
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Iý cill 
Figure 3.89: Hydrogen mass fraction within the reactor 
N 113 niass 
Fraction 
As mentioned earlier the 3D modelling was very laborious. The solving of the equations 
requires a lot of time. Therefore only an insight of what can be done with the software is 
shown in figure 3.87. It presents the velocity field in the reactor, and reveals that there is no 
movement of the gases present in the top part of the Support tube. Only at tile bottom ofthe 
feed tube and exit tube we can observe movement. This could also explain tile I. act that the top 
part of the tube is mainly composed of ammonia. 
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Figure 3.90: 31) modelling of the pellet system: velocity field 
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3.10 Conclusions 
The main objective of this chapter was to study the characteristics of oxide ion conducting 
fuel cells using ammonia as source fuel. 
The Annular System 
The two electrolyte materials used were a 12 mol% calcia stabilized zirconia and a6 mol% 
yttria stabilized zirconia. 
Calcia. stabilized zirconia electrolyte 
- The experiments with the calcia stabilized zirconia demonstrated that the ammonia 
flow rate and the thickness of the silver anode have a significant influence on the 
performance of the cell at low temperature. For low flow rates of 12 ml/min and 6 
ml/min with a thick silver anode, a sudden voltage drop is observcd at 50011C. This 
phenomenon is not observed for higher flow rates and higher temperatures. 
- This part of the work also showed that the thickness of the silver anode has a 
significant effect on the perforinance of the cell as the use of a thick anode resulted in 
a lower power output. 
Different series of tests exhibited the poor performance of the calcia stabilized ceramic 
compared to the yttria stabilized one when using silver electrodes. The power densities 
achieved by the CaSZ cell were three times lower than those obtained with the YSZ cell. This 
was observed over the whole range of operating conditions (temperature and flow rates). 
Calcia stabilized zirconia was therefore abandoned and the focus turned to yttria stabilized 
zirconia. 
Yttria stabilized zirconia electrolyte 
It was shown that the thickness of the electrode, in the case of silver, plays an 
important role in the perfon-nance of the cell. The power delivered by the cell appears 
to decrease with the increasing thickness of the anode. Several cells were prcparcd 
with a different anode thickness and it showed that the highest current densities were 
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obtained for an average deposition of 16 to 20 MgICM2. A lower or higher dcposition 
resulted in lower performances of the cell. 
- The anode material plays a very important role when it comes to ammonia 
decomposition and cell perfonnance. It is essential to find the material that can meet 
both requirements. Five anode materials were tested to evaluate their properties and 
possibility to be used in a direct ammonia fuel cell. The lowest conversions were 
obtained with silver and platinum respectively 38% and 40% at 800"C. The highest 
conversion was obtained for a nickel cennct flat sheet supplied by ESL, 92% at 
800"C, this material also showed the highest current densities. An in-house nickel 
based material confirmed the catalytic properties of nickel for ammonia 
decomposition as 85% at 800'C was achieved but the current densities were 
significantly lower. 
- Individual studies of the materials showed that the flow of ammonia does not have any 
influence as well as the concentration of ammonia in the feed for all silver, platinum 
and the silver-nickel alloy. However, it was shown that in the case of the nickel 
cennets, the concentration of ammonia can have a significant influence. This is 
particularly true for the anode tape provided by ESL ltd. The maximum power output 
increases by 62% when passing from a 16.5% concentration of ammonia to a pure 
ammonia feed. 
- Argon was the main carrier gas used for the experiments, however in order to study 
the influence of the carrier gas, argon was replaced by nitrogen. No effect was noticed, 
this is surprising as nitrogen is one of the products of the reaction of decomposition of 
ammonia and the equilibrium is not far to the right. This means that the diffusion of 
nitrogen from the surface is not the limiting step. The rate limiting step is the 
decomposition of ammonia. 
-A study of the open circuit voltage (OCV) of the different cells was carried out. 
Theoretically it is expected that a fuel cell using ammonia as source fuel will deliver 
higher OCVs than a fuel cell running on hydrogen. From the experimental data it can 
be concluded that using ammonia can indeed allow the observation of higher OCVs. 
This is true for all the anode materials. The maximum OCV was obtained with an in- 
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house nickel cermet: 1.238 V at 800'C. The concentration and flow of ammonia have 
a direct influence on the OCV. The higher the flow and the concentration are, the 
higher is the OCV. Furthermore, it was possible to observe much better perfortnance 
of the nickel anode as a difference of 0.1 to 0.13 V was noticed between the nickel and 
silver anodes. 
- To reflect on the poor performance of platinum, a study of the oxygen pumping 
experiments were carried out to evaluate how much oxygen is diffusing and compare 
it to the value obtained for silver. The data collected clearly shows why platinum is 
not performing well. The reason for this is the impurities present in the platinum paint. 
The oxygen pumped is significantly lower than in the case of silver at all temperatures 
and applied voltages. 
The Pellet or Planar system 
For this study yttria stabilized zirconia was the only ceramic material used as electrolyte 
material. 
This design allowed controlling the thickness of the electrolyte material. The first stage was 
the preparation of the pellets, which required the determination of the optimum parameters 
such a pressure and sintering temperature. 
Using pellets, more possibilities to study further parameters influencing the behaviour of the 
cell, such as the thickness of the electrolyte, could be investigated. As the platinum and the 
silver exhibited poor performance compared to the nickel, mainly cells with a nickel anode 
were studied. 
The results obtained from the study of the thickness of the electrolyte material 
demonstrated what had been expected. The thicker the electrolyte, the lower the 
performances of the cell. It is possible to predict the IN curve of a cell using the IN 
curve from a similar cell but with a different electrolyte thickness. The power densities 
achieved by the cell with the thinnest electrolyte reached 75 mW/cm 2 at 800'C. 
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- It was also possible to compare the methods of deposition of silver, showing that spray 
painting gives much better results, i. e. current densities 6 times higher than those 
obtained with a cell prepared by simply painting with a brush, which is due to the 
uneven deposition of the paint and the uncontrolled thickness. 
- The direct comparison between nickel and silver again showed the much higher 
potential of nickel. The power densities obtained were as much as 30 times higher than 
those obtained with a similar system having a silver anode. 
- The simulations carried out with Comsol allowed the confirmation of the observations 
made during the experiments and also showed the great influence of gas velocity on 
the decomposition of ammonia and the composition of the anode atmosplicre. 
The main aim of the project was to demonstrate that ammonia can be a good aitcmative to 
hydrogen. For both systems it was shown that it is possible to generate more power with 
ammonia than with hydrogen. This was true also, but to a smaller extent, with tile annular 
system, which is due to the greater thickness of the electrolyte. In the case of the pellet, 
power densities higher by II MW. CM-2 were observed at NOT i. e. a 13% increase compared 
to hydrogen. This difference is smaller than one could expect according to the energy 
calculations: ammonia contains 5 times more energy than hydrogen but it is necessary to 
consider the fact that there are limitations in the system mainly diffusion (counter diffusion) 
caused by all the species (nitrogen, water, hydrogen, ammonia) present on the anode side. 
A comparison of the presented results with those from other researchers in the same field 
shows the high 'potential' of the current system. The cells that were used had a much thickcr 
clectrolyte material making it difficult to achieve high power densities, however when tile 
results are normalised it is possible to see that the current systems offers potentially better 
performance. For example the pellet system delivers 31.5 mW/cm 2 at 50 mA/cm 2 and 
Wojcik's system delivered 22.5 mW/crn 2 at the same current density i. e. a 40% improvement. 
To conclude, it is possible to say that ammonia is a very promising alternative option to 
hydrogen for use in intermediate and high temperature fuel cells but there is still significant 
work to be done in order to make it commercially viable. 
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Chapter 4: 
High temperature Proton Conducting Fuel Cell 
High-temperature protonic conductors will certainly play a very important role in hydrogen 
technology especially in hydrogen energy systems. Devices that use this technology are 
employed in hydrogen separation, hydrogen sensors, fuel cells, ammonia synthesis, and 
hydrogen production from fossil fuels. These proton conductor ceramics are perovskite-type 
oxides based on SrCe03 and BaCe03, in which some trivalent cations are partially substituted 
for cerium. The general formula is written as SrCel-xMx03-a or BaCeJ. xM. '03_., where M is a 
rare earth element, x is less then its upper limit of solid solution formation range (usually less 
than 0.2) and a is the oxygen deficiency per unit formula. These perovskites, when exposed to 
a hydrogen containing atmosphere at elevated temperature, exhibit protonic conductivity. This 
was verified by electrochemical hydrogen transport experiments reported by lwahara. [1]. 
Since the discovery of the first protonic conductors, many different materials have been found 
to present proton conductivity, such as CaZr03, SrZr03 or BaZrO3 and recently Cc, -., MO2-, - 
Particularly high conductivities are found in barium cerate based ceramics and high transport 
numbers of protons are observed in strontium cerate based ones making them the most 
promising materials for use in fuel cells [2]. 
Fuel cells based on proton conduction have a major benefit over the common oxide ion fuel 
cell type. There is no fuel dilution due to water formation, as in this case the water is formed 
on the cathode side. The hydrogen is decomposed on the anode side and diffuses through the 
electrolyte to reach the cathode where it reacts with the oxygen atoms. 
In this chapter, the properties and the performance of pure barium cerate and different doped 
barium cerates were investigated in fuel cell operation using ammonia as source fuel. 
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4. High Temperature Proton Conducting Fuel Cell 
4.1 Barium cerate 
Pure barium cerate was produced using the solid state route to investigate its properties and its 
behaviour as electrolyte. The preparation method has been described earlier in experimental 
section 2.3. After the sintering process the pellets were ready for testing. 
4.1.1 Density and shrinking coefficient 
Barium cerate pellets were pressed at 62.5 MPa and then sintered at different temperatures to 
study the effect of temperature on the shrinlcing coefficient. 
Temperature 
(0c) 
Diameter before 
sintering (mm) 
Diameter after 
sintering (mm) 
Shrinking 
coefficient (%) 
1300 20.00 19.62 1.90 
1400 20.00 19.65 1.75 
1500 20.00 19.59 2.05 
1600 20.00 18.82 5.9 
Table 4.1: Shrinking coefficient of barium cerate as function of sintering temperature 
From table 4.1 it can be seen that the shrinking coefficient increases slightly with the 
increasing temperature, however it is still very low compared to the values obtained with 
yttria stabilized zirconia. The low shrinking coefficients observed can be attributed to the 
particle size of the BaCe03 powder. The barium cerate powder has an average particle size of 
about 1.6tim which is very large compared to the average value of 0.4gm for YSZ. In order to 
confirm this hypothesis, SEM photographs of the cross section of a barium cerate pellet were 
taken. These are shown in figures 4.1 and 4.2. 
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Figure 4.1: Cross section of a BaCe03 pellet sintered at 1600'C 
go 
fi 
i 
$a 
A 
/ 
I 
k 
Figure 4.2: Close up view of a barium cerate pellet sintered at 1600'C 
Figures 4.1 and 4.2 show the high porosity of the pellets despite the high sintcring 
temperature and confirm the poor density and low shrinking cocfficients. Another aspect 
demonstrating this observation is the fact that when filing the pellets, much powder was lost 
and the pellets were very brittle. 
221 
Chapter 4: High Temperature Proton Conducting Fuel Cell 
4.1.2 Fuel cell test 
The pellet system described in experimental section 2.3.4 was used for the fuel cell 
cxpenments. 
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Figure 4-3: IN curves of pure BaCe03 pellet with Ag electrodes at 800"C 
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Figure 4.3 shows a comparison of the EMF achieved by the test fuel cell using pure barium 
cerate as electrolyte. The thickness of the pellet was 0.85 mm and the electrode material used 
in this case was silver for the anode and the cathode. The hydrogen gives significantly higher 
EMFs, which can be explained by the fact that silver does not give the best ammonia 
conversion and pure barium cerate shows low proton conductivity compared to doped barium 
cerates 13). Therefore the higher partial pressure of hydrogen in the hydrogen system will 
result in better performance than that of the ammonia system. 
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4.2 Doped barium cerate 
To increase the proton conductivity of the barium cerate it is necessary to dope it with rare 
earth materials. For our experiments, samples were prepared using ncodymium and 
gadolinium. as dopants. Gadolinium doped barium cerate has already been studied in direct 
ammonia fuel cells for a dopant level of 20% [4]. 
Neodymiurn was the main dopant used for the experiments. Five percentages were studied: 
1%, 5%, 10%, 15% and 20% as it has been demonstrated [51 that there is no structural change 
with the increasing proportion of dopant as long as x<0.2. Powders of the different 
compounds were mixed stoichiometrically to produce the desired compositions. Once 
prepared the powders were pressed into pellet using a simple piston press. A pressure of 187 
MPa was applied onto the 20 mm. diameter disc. 
Gadolinium, was only studied for one dopant percentage (10%) this was done to compare the 
performance of the dopants at the same percentage of doping. 
4.2.1 Characterisation of the powders 
4.2.1.1 Appearances of the powders 
During the preparation of the powders after calcination it was noticed that depending on the 
amount of dopant used the colour changed. 
Dopant percentage Colour 
0 White-beige 
I Light brown 
5 Brown 
10 Dark brown 
15 Black-dark brown 
20 Black-dark brown 
T2ble 4.2: Evolution of the colour of the powders with Nd content 
Table 4.2 presents the colour change with the neodymium level. Afler the preparation of the 
barium ceratc which has a white-beige colour, a colour change was expected due to the blue 
colour of the neodymium powder. It showed that even with the slightest amount of 
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neodymium, the powder becomes brown. The brown colouration is most intense as the dopant 
pcrccntage rcachcs 10%. At the highcst doping lcvel, the samplc is almost black. This 
unexpected effect was also reported by K. S Knight 151. 
4.2.1.2 Density and shrinking coefficient 
The sintering temperature used for the preparation of neodymiurn doped barium ccrate pellets 
was 1500"C as it was demonstrated by Chen et al [11] that this gives the highest relative 
dcnsities. 
Dopant percentage Shrinking coefficient Relative density 
1 6.9 78 
5 10 86 
10 14 92 
15 14 92 
20 14 92 
Table 4.3: Shrinking coefficient and relative density for Nd doped barium cerates 
Table 4.3 presents the relative density and the shrinking coefficients obtained for the different 
samples. For a dopant level of 1%, the shrinking coefficient and the relative density is low, 
the powder is still behaving like pure barium cerate. This suggests that the pcilet may not 
exhibit good performance during the fuel cell testing. As the dopant level increases, tile 
relative density increases to reach 92% for neodyinium percentages from 10 to 20. No other 
data has been reported so far on the densities or relative densities of dopcd neodymiurn 
barium cerates. High relative densities are necessary to ensure good operation of the fuel cell. 
A high relative density means that there will be no gas permeation through the electrolyte 
membrane. Indeed, this can cause power loss and even failure of the cell. 
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Figure 4.4: Cross section of 1% Nd doped barium cerate 
I* 
Figure 4.5: Cross section of 50% Nd doped barium cerate 
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Figure 4.6: Cross section of 10% Nd doped barium cerate 
Figure 4.4 shows a cross section of a 1% Nd-doped barium cerate. The structure is very 
porous which was expected due to the low relative density. The structure is very dif! cl-cm 
from the one observed for the pure barium cerate and high neodynilurn containing sarnples as 
shown on figure 4.5 and 4.6. The structure of the niaterial changes as the amount ofdopant is 
increasing. Figure 4.7 gives a theoretical representation of tile structure of the ceramic. Doped 
barium cerates have an orthorhombic structure which is independent of the amount ofdopant 
as long as x<0.2 141. 
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Figure 4.7: Structure of Nd doped strontium cerate 171 
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4.2.2 Fuel cell testing 
4.2.2.1 Influence of dopant level 
The pellets used for the fuel cell experiments had a similar thickness of 1.05 mm. The 
electrode matenal was silver for both the anode and the cathode. Pure arnmonia was used flor 
the experiments, with a flow rate of 40 ml/mm. 
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Figure 4.8: I-V curve for Nd doped barium cerate pellets at 5001C 
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Figures 4.8 and 4.9 depict the evolution of the EMF for the different dopant levels at 500*C 
and 800"C. The response of the cells to the application of a load is similar for all the samples 
at 500'C. The dopant level does not have any influence at this temperature. Furthcn-nore, the 
current densities achieved are low; this is due to the poor proton conductivity of the 
electrolyte material at this temperature. At 800'C, the cell giving the best results is the one 
using the 10 % neodymium. doped barium cerate. Results for 6001C and 700*C are presented 
in Appendix C. If the dopant level is lower or higher, the performance of the cell decreases 
more or less significantly. This is in good agreement with the fact that 10% Nd-doped barium 
cerate has the highest proton conductivity of the group 161. Furthermore, this finally 
demonstrates that pure barium cerate is not an appropriate electrolyte material for fuel cells. 
For example, at 800'C and OAV, current densities of 3 mA/cm 2 and 30 mA/cM2 are achieved 
respectively for BaCe03 and BaCeo. gNdo. 103-.. There is a factor ten between tile two 
materials. The decomposition of ammonia is therefore not the major limiting factor. The 
amount of dopant determines the performance of the cell at these conditions. 
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4.2.2.2 Influence of the flow rate of ammonia 
The flow rate of ammonia was varied from 40 ml/min down to 10 ml/min, to see how much 
influence the ammonia flow would have. Earlier experiments with the oxide ion conductor 
electrolyte material showed different results depending on the anode material used and the 
cell design. 
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Figure 4.10: Influence of the flow rate of ammonia at 800*C for a 10% Nd pellet electrolyte fuel cell 
Figure 4.10 shows that the ammonia flow rate has some influence on the performance of the 
cell. The cell delivers the highest current densities for the highest flow of ammonia. This was 
expected as silver is not decomposing all the ammonia fed to the cell. It also conrin-ns the 
results obtained by Pelletier et al 110). As the flow is decreased, less ammonia enters the cell, 
therefore less hydrogen is produced. This results in less hydrogen diffusing through the 
Clectrolyte and reaching the cathode side for the electrochemical reaction to occur. The 
conversion achieved for aI Oml/min flow was around 10%, which is low but this is due to the 
small surface area of the electrode (0.8 cm 2). It was not possible to use nickel as the difference 
between the thermal expansion coefficients is too great. 
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4.2.2.3 Comparison Proton versus Oxide ion conducting electrolyte material 
A very interesting point to notice is the fact that for a given thickness, the current densities 
achieved with the 10% Nd-doped barium cerate ceramic, are much higher than the current 
densities achieved with a cell using yttria stabilized zirconia as electrolyte material. Pure 
ammonia (40 ml/min) was used for the experiments. 
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Figure 4.11: Comparison of YSZ and BaCeo. gNdo. 10.3., at 8000C, silver electrodes 
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Figure 4.11 shows the much better performance of the doped barium cerate over yttria 
stabilized zirconia for pellets with thicknesses of I mm and 0.95 mm respectively. For a given 
EMF, there is about a factor ten between the current densities achieved by the oxide ion 
conductor cell and the proton conductor one. A reason for this result is the production of 
water on the cathode side. There is no fuel dilution on the anode side, meaning that the 
concentration of ammonia will stay identical throughout the duration of the experiment. It is 
also important to consider the relative conductivities. At 8000C, the proton conductivity is 
higher than the ionic conductivity, which also explains the higher power densities. 
Furthermore, the partial pressure of ammonia will be higher on the anode side. Therefore, if 
we consider the Nernst equation, this will give a higher EMF as the partial pressure of 
ammonia is in the denominator. 
-- ----T la 
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Figure 4.12 shows that there is a significant gap between pure hydrogen (30 ml/min) and pure 
ammonia (40ml/min) when using silver as the anode material. The better performance of 
hydrogen as a fuel was also observed for the oxide system using silver electrodes. The 
difference between the performances is even more dominant than in the case of the YSZ 
electrolyte due to the proton conductivity of the electrolyte material. Tile partial pressure of 
hydrogen plays a very important role for proton conducting ceramics; a high hydrogen partial 
pressure will ensure good performance, as more hydrogen will diffuse through the electrolyte. 
The low conversion means a low hydrogen partial pressure causing the low performance of 
the cell. 
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4.2.2.5 Activation losses calculations 
The calculations were made using the equation presented in section 3.2.6.7. 
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Figure 4.13: Effect of the activation losses on the EMF 
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Figures 4.13 and 4.14 show the evolution of the activation with the current density. The 
evolution is very similar to the one observed for the oxide ion conducting system. However, 
in this case the exchange current density is much lower. It is only 0.9 mA/cm 2 whereas it was 
3 mA/cm 2 for the oxide system causing higher losses in the system. 
4.2.2.6 Comparison with 10% Cd doped barium cerate 
Gadolinium. is another rare earth used for the preparation of proton conducting ceramics. A 
sample doped with 10% of gadolinium was prepared following the same procedure as for the 
neodyinium samples. 
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Figure 4.15: Comparisons between BaCeo. gGdo. 103.. and Pelletier et al at 800"C 
Figure 4.15 shows that for equivalent dopant percentages, the neodymium doped barium 
cerate shows better performance than the gadolinium doped one, however the power dcnsitics 
obtained by Pelletier et al [41 for a 20% Gd doped barium cerate using ammonia as fucl are 
higher. The difference can be attributed to the different electrode material; thcy uscd a 
Platinum ink for both the anode and the cathode. 
Different studies on the properties of Gd and Nd doped barium cerates have shown that the 
optimum dopant level differ for these two compounds. Depending on the authors the 
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maximum ionic conductivity of these materials varies, Bonanos et al [61 showcd that Gd 
doped barium cerates exhibit a maximum ionic conductivity for a 15% doped sample. 
However, it also shows that a 10% doped Gd sample should exhibit a similar ionic 
conductivity to a 10% Nd sample or even better according to the results found by Iwahara, ct 
al 191, which is clearly not the case in our experiments. 
4.2.2.7 Nickel tape as anode material 
The experiments with the yttria stabilized zirconia pellets demonstrated that the nickel tape 
was the most suitable material to use for the anode as high conversions can be achieved, and it 
has good electronic properties. Attempts were made to use the same tape on dopcd barium 
cerates pellets. 
It was impossible to obtain a usable pellet when using neodymium doped barium cerate. The 
application of the tape and the sintering were done as per the YSZ pellet. Howevcr, afIcr tile 
sintcring the pellet was not usable. The pellet had distorted and the nickel tape had not stuck 
to the pellet. 
When the same process was repeated with a gadolinium doped barium cerate saniple, the 
pellet came out flat and the nickel tape was stuck to it. Experiments were then carried out 
using hydrogen and ammonia. The results are shown in figure 4.16. 
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The difference between ammonia and hydrogen is not as important as when silver was used as 
anode material. However, the current densities achieved by the cell are much lower than those 
observed with the silver anode. The reasons for this behaviour are not obvious but dopcd 
barium cerate does not have the same expansion coefficient as the nickel-YSZ tape, therefore 
when heated up and cooled down the tape may not stick perfectly to the electrolyte anymore. 
After the series of experiments, the pellet was taken out and it was observed that the anode 
material was not sticking the electrolyte any longer, which confirms the non compatibility of 
the two materials. 
43 Conclusions 
The high potential of direct ammonia fuel cells using doped barium cerate has been 
demonstrated using barium cerate and doped barium cerate as electrolyte material. 
Among the three materials tested, doped neodymiurn barium cerate exhibits the best 
Performance. Gadolinium doped barium cerate shows slightly lower performances but pure 
barium cerate does not seem to be appropriate for fuel cell operation. For example, at 0.6V 
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BaCe03 achieves 1.5 mA/crn 2 and a 10% Nd doped BaCC03, delivers a current density 10 
times higher. 
The level of dopant appears to play a very important role in terrns of performance. The 
optimum dopant level for neodymium was found to be 10%. At low level of dopant, the 
material behaves similarly to pure barium cerate. 
At 800*C, the cell Ag/BaCeo. gNdo. 103-,, /Ag achieved a power density of 16 mW/cm 
2 
at a 
2 current density of 60 mA/cm , showing much better performance than the commonly used 8 
mol% yttria stabilized zirconia. 
At 800*C, the ammonia powered cell exhibited performance slightly lower than those of the 
hydrogen powered cell showing the potential of ammonia. However, it was shown in chapter 
3 that at this temperature, the cell running on ammonia should deliver better power densities. 
This is the result of the low catalytic activity of silver towards ammonia. Indeed, convcrsions 
of only 10% were observed in the pellet system. An attractive anode material is a mixed 
nickel oxide barium cerate ceramic as nickel has a high catalytic activity towards ammonia 
and the presence of barium cerate ensures good compatibility with the electrolyte matcrial. 
Another limitation in the system is the thickness of the electrolyte; it is a major source of 
losses as the pellets used had a thickness of around I mm. These losses are purely due to 
ohmic losses. 
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Chapter 5: 
Laminated Micro reactor 
Microscalc laminated reactors arc an emerging technology with applications in most industrial 
processes. This is the result of the many advantages that these reactors present, such as being 
light, compact, offering a precise control of the process conditions and rapid heat and mass 
transport. Heat and mass transport limitations slow the observed reaction rates in conventional 
reactors, but are minimized in microchannel reactors. Fast heat and mass transfer increases the 
process efficiency, enabling process miniaturization without sacrificing productivity. 
Hydrocarbon reforming to hydrogen for fuel cell applications, the upgrading of natural gas to 
high value liquids and the conversion of carbon dioxide to methane (by the Sabaticr reaction) 
are the applications presenting the highest potential. 
The microchannel reactor design is based on the flow of gases between the parallel sheets 
coated with catalyst. These channels provide an extensive surface area in a small volume. 
These reactors are developed based on ceramic substrates as well as metal substrates. In both 
types of reactors, the layers are bonded together, forining a monolithic structure. An added 
benefit of a layered pattern is the ability to easily scale up or down by adjusting the number of 
layers. This provides great flexibility in the design if the production requirements arc 
modified, without the need to redesign the reactor, as would be the case in a tubular reactor. 
This design also promotes heat transfer due to the expanded contact area. 
In this chapter, the possibility of having simultaneously ammonia reforming and fuel cell 
operation is investigated using the produced hydrogen in a microscale laminatcd reactor. 
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5. Micro reactor 
5.1 Preparation of the reactor 
A cube shaped reactor was designed. The design was similar to a one-pass heat exchanger. It 
offers the possibility of having either a co-current or a counter- current flow of the gases in 
the reactor. The reactor basically consists of several sheets of the ceramic material placed on 
top of each other. The sheets have a different configuration in order to create the channels 
when the reactor is assembled. 
5.1.1 Heat balance on the reactor 
Given the small size of the reactor (3 cm*3 cm) it was initially thought that once the reactor 
had been brought to operating temperature, with the electrochemical process and 
decomposition reaction taking place, the reactor could generate its own beat to stay at the set 
temperature. 
Heat balance calculations were made that took into account the gas flows, the decomposition 
reaction of ammonia, the electrochemical reaction between the hydrogen and oxygen, and the 
reactor. At 8000C, the reactor requires twice as much heat as that generated by the reaction 
taking place, to be maintained at the set temperature. 
5.1.2 Shrinking coefficient 
An important factor to consider when using yttria stabilized zirconia as electrolyte material is 
the shrinking coefficient of the ceramic, see section 3.6. Indeed, depending on the 
composition of the ceramic, it will vary. Three samples were sintered at 1500T for 2 hours to 
evaluate the shrinking coefficient of the YSZ green sheets as well as their ability to stick 
together. 
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properties I Before sintering After sintering Shrinking coefficient Ls=amp: 
I: eý 
First sample 9.78 mm. 7.47 mm. 23.4% 
1.01 mm 7.78 mm. 23.1% 
Second sample 20.1 mm. 15.5 mm. 23.3% 
19.8 mm. 15.2 mm 23.2% 
Third sample 9.88 mm 7.55 mm. 23.6% 
9.83 mm 7.52 mm. 23.5% 
Table 5.1: Shrinking coefficient for the ceran-ýc sheets 
The data collected for the shrinking coefficient are presented in Table 5.1. The values 
collected are very close. The shrinking coefficient has an average value of 23.3%, showing 
that the green sheet dimensions will be reduced by almost a quarter after the sintering proccss. 
The thickness of the sheets was also measured before and after sintcring to confirm the 
infon-nation provided by the supplier. It was found to match exactly what had bccn prcdictcd: 
0.67 mm before sintering and 0.5 mm after sintering. 
According to the supplier it is impossible to stick two sheets together without the use of 
cement, however tests were carried out to try to make the production of the reactor much 
easier. To do this, the surface of the sheets was cleaned with a solvent and prcsscd togctlicr 
using finger pressure. After sintering it was possible to show that the sheets were vcry wcll 
stuck together and impossible to separate without breaking them. This result is intcrcsting as it 
allows more flexibility in the production of the reactor. 
5.1.3 Production of the reactor 
Two methods were used to make the reactor, which were described in experimental section 
2.2. The first was a one-stage process and the second, a two-stage process. 
240 
Chapter 5: Laminated Micro Reactor 
5.1.3.1 Using the one-stage process 
The first attempt to produce a reactor showed good adhesion between the different sheets but 
the bottom sheet was cracked in several places. This was caused by the support on which the 
reactor was placed in the furnace. The support cooled down much quicker than the reactor 
itself therefore creating the fissures in the bottom sheet. 
The positive aspect of this experiment was that the rest of the reactor was almost exactly as 
predicted. In order to verify that the internals of the reactor were unchanged during the 
heating process, the reactor was cut into two pieces and this revealed that the channels were 
very well defined as shown oil figure 5.1. 
Figure 5.1: Cross section of the reactor 
For the second attempt the reactor was placed on a different support. In addition, a sheet of 
YSZ was put between the reactor and the support Itself to reduce the temperature difference 
between the reactor and the support to avoid the formation of cracks. There were only two 
cracks in the bottom sheet but they were less important than the ones observed during the first 
experiment, which suggests that the support used for the first experiment was not appropriate. 
However, those cracks in the bottom sheet could also be due to the stress created 
by the 8 
sheets placed on top of the bottom one. Indeed, when I or 2 sheets are sintered, there 
is no 
formation of cracks. Surprisingly, cracks were situated on the sides of the reactor. 
This could 
be due to a too rapid cooling rate, but the same cooling rate was used for the 
first experiment 
and such cracks were not observed then. The heating and cooling rate were however reduced 
alid a crack-free reactor %N as produced. To clieck If the channels were well 
defined, air was 
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passed through the reactor and it was found that it emerged from tile exit port only. The 
reactor was then tested using a bubble test to check the presence ofany leaks oil tile sides of' 
the reactor and none was found. 
Electrode deposition was carried out by pouring a silver dispersion in to tile inlet holes and 
blowing out any excess dispersion using compressed air. After deposition the electrodes' 
conductivities were measured and also the resistance between the electrodes. 'rhis revealed 
that there was a short circuit as the resistance between the two electrodes was of, tile same 
order of magnitude as the resistance of the electrodes themselves. The explanation for this is 
the presence of micro cracks inside the reactor causing the silver paint to infiltrate both sides 
of the channels thus generating a short circuit. However, there were no gas leaks. This method 
was therefore abandoned because these internal cracks were impossible to avoid. 
5.1.3.2 Using the two stage process 
To solve the problems encountered with the first method ofprcparation of the reactor. it was 
decided that a sensible option would be to sinter the three middle sheets separately from tile 
top and the bottom one. This would allow much more control oil the LlUality ofthe reactor, 
therefore ensuring that there are no internal leaks. If cracks appear, there will always be the 
possibility of fixing them by using some cement. Furthermore, the deposition ofthe electrodes 
will be much easier as there will be a direct access to the surface on which they have to be 
deposited. This will also give the possibility of using different anode materials such as nickel 
and platinum. 
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Figure 5.2: Photograph of the sintered reactor 
Several reactors were then produced with this technique as it proved to be much easier. The 
three parts of the reactors were cemented together once the electrodes had becil deposited, 
Figures 5.2 and 5.3. The reactors were then checked for Icaks. The final arrangements 
consisted in fixing the inlet and outlet tubes using cement. 
5.2 Reactor performance 
The preliminary tests allowed the cleterniination of the optimal conditions ofoperation (or the 
reactor. This includes the need for an air flow on the cathode side and a low aninionia flow 
rate on the anode side. 
5.2.1 Influence of air or oxygen flow 
The first experiments were performed without an air or an oxygen flow to see wiletlicr tile 
oxygen contained in the atmosphere would be enough to sustain the decomposition reaction of 
ammonia. The experiments clearly showed that this was not possible. Indeed, as soon as tile 
ammonia was fed to the reactor a peak in the EMF was observed and it decreased very rapidly 
to reach zero as shown on Figure 5.4. Air and pure oxygen were then fed into the reactor. The 
response was immediate, the EMF increased rapidly to reach the open circuit voltage and 
Stayed constant. 
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Experiments were carried out using pure oxygen and air and they showed no difference, 
meaning that the oxygen content of air is sufficient to achieve good performance of the cell. 
The air flow has a limit value (200 mI/min) above which the EMF of the cell starts dropping 
and a lower value (40 ml/min) below which the reactor gives suboptimal performance. The 
airflow was therefore taken to be 100 ml/min for all the experiments. This behaviour suggests 
that there could be a problem inside the reactor as at open circuit conditions no oxygen flow 
should be needed as no electrochemical reaction is taking place. To investigate this, the 
reactor was cross cut but the inside shattered and no potential leak could be seen. This 
phenomenon was observed for all the reactors that were produced. 
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FIgure 5.4: Influence of the oxygen flow on the OCV at 800"C for an Ag/Ag system on the OCV 
5.2.2 Determination of the flow rates of ammonia 
Not only an air flow is required on the cathode side but an ammonia flow is also nccdcd. TIlc 
ammonia flow rate has to be kept around 30 ml/min otherwise the ENIF of the cell decreases 
immediately. Below this value, the EMF starts decreasing; it is thought that tile flow is too 
low to sweep away the product gases. At higher values, it starts cooling down the rcactor 
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therefore causing the decline of the EMF. Indeed, the fced was not preheated so the gases 
arrive in the reactor at a temperature well below 8000C. 
5.2.3 Influence of co-current and counter current flow 
The reactor was designed in a similar way to a heat exchanger, therefore offering the 
possibility to study the influence of co-current and counter current flows. The reactor was 
operated feeding air counter current and co-current to the ammonia flow. This showed that the 
type of flow has no influence on the behaviour for a reactor with the current densities studied 
as presented in Figure 5.5. This can be explained by the very small size of the reactor not 
offering a sufficient surface of exchange. The total volume of the reactor is only 4.5 
ccntimetres cube. 
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5.2.4 Influence of the temperature 
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Figure 5.6: Influence of the temperature on the performance of the reactor Ag/YS7, /Ag 
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As shown in Figure 5.6 the performance of the cell improves significantly as the temperature 
increases. The main reasons for this improvement are the higher conversion of ammonia and 
the enhanced properties of the electrolyte material. Indeed, the mass spectrometer analysis of 
the out-coming gas stream on the anode side showed that ammonia conversion reaches 50% at 
800*C whereas it is only 15% and 35% at 6001C and 700'C respectively. It is also known that 
the ionic conductivity of yttria stabilized zirconia increases with the temperature and therefore 
cnhances the performance of the cell as more oxygen ions travel through the electrolyte and 
the resistivity of the material decreases lowering the losses due to ohmic polarization. 
Another set of experiments was carried out in order to study the repeatability of the rcsults 
and the degradation effect caused by the high operating temperatures. Tile results show that 
there is some degradation due to the severe operating conditions. The EMF dcIivcrcd by the 
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cell was lower than the one obtained during the first set of experiments. This can be attributed 
to the degradation of the connections within the reactor and the detcrioration of the anode and 
the cathode. The cement used to fix the ceramic tubes onto the reactor started to develop 
cracks therefore causing leaks and losses. After the experiments, the reactor was opcncd and 
the electrodes were checked, and it appeared that they were very much degraded. The 
electrode was coming off the ceramic and it had lost its smooth aspect. 
5.2.5 Comparison with previsous studies 
Figure 5.7 illustrates the results obtained with a reactor having a silver anode and a silver 
cathode. 
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Figure 5.7: Comparison between the obtained results and the work of %Vojcik III 
Figure 5.7 shows a comparison of the results obtained by Wojcik and al. [I] with similar 
operating conditions (same electrodes and electrolyte material, identical temperature). During 
these experiments, the team used SOFC tubes of 2.5 mm outside diameter, 200 microns wall 
thickness and 30 cin length. The composition of the electrolyte was also 8 MOI% Y203. A 
surprising result is that the current densities achieved by the laminated reactor are 
significantly higher than the one obtained by Wojcik even though the thickness of tile 
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electrolyte used in the laminated reactor is more than twice the value of the one used in our 
study. An explanation for this discrepancy could be the silver paint as it is the only variable 
that could influence the results in such a way. In our case the silver paint appeared to have 
better catalytic properties towards ammonia therefore producing more hydrogen and 
increasing the performances of the reactor. 
5.2.6 Comparison with hydrogen 
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Figure 5.8: Comparison of the reactor's performance (AglYSZ/Ag) at 800*C for hydrogen and ammonla 
Figure 5.8 shows the comparison of the performance of the cell when it is eithcr running on 
pure hydrogen or ammonia. Indeed, the analysis showed that 50% of tile ammonia is 
decomposed therefore; the flow rate of hydrogen had to be calculated taking this factor into 
consideration. As observed in the graph there is an appreciable difference between the two 
fuels. The lower power densities obtained when ammonia was used as the source fuel arc due 
to the sub-100% utilisation of the hydrogen produced by the decomposition of ammonia. 
Indeed, the analysis of the exit gases revealed that not all of the hydrogen generated is 
consumed by the electrochemical reaction between the oxygen ions and hydrogen. This would 
suggest that there is a limitation caused by the cathode as not enough oxygen is diffusing to 
248 
Chapter 5: Laminated Micro Reactor 
operate the cell at maximum power. This is a disadvantage to the reactor, as excess hydrogen 
has to be recycled. 
5.2.7 Comparison between silver and platinum 
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Figure 5.9: Comparison of the reactor's EMF for silver and platinum as electrode materials 
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Figure 5.9 shows a similar behaviour to what was observed with the annular cell (section 
3.8.1), silver gives better results than platinum, although the current densities achieved by the 
cell with platinum electrodes are closer in this case. This could be due to the smaller surface 
area of the electrodes, which reduces the impact of higher catalytic properties of the silver. 
An 
A 
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5.2.8 Comparison with the tubular design 
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Figure 5.10: Comparison of the EMF of the different designs at 800"C 
Figure 5.10 shows the performance of the laminated reactor are similar to the those of the 
calcia stabilized tubes but still lower than the yttria stabilized zirconia tubes. Given that the 
thickness of the electrolyte material in the laminated design is smaller, almost by a factor of 2, 
this behaviour can only be explained by the presence of leaks inside the reactor and weak 
connections between the electrodes and the wires serving as current collectors. Furthermore, 
the deterioration of the electrodes appeared to be much quicker than in the case of the annular 
design. The silver and the platinum degraded after one series of experiments suggesting that 
the electrolyte membrane had cracked. 
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5.3 Conclusions 
A micro laminated fuel cell was produced and successfully operated using ammonia as source 
fuel. The experiments showed that ammonia is a very good alternative to pure hydrogen as a 
fuel for high temperature fuel cells. In terms of power densities achieved, the results are 
almost identical. At 800'C the ammonia powered reactor achieved 0.74 mW/crn 2 and the 
same reactor powered by hydrogen reached 0.81 mW/crn 2. 
The comparison of these performances with the annular system showed the gap between the 
two systems. The laminated microreactor generates significantly lower current dcnsitics, 
several explanations can be given for this: 
- One important limitation of the design is the numerous conncctions that dcgradc 
rapidly and therefore cause losses in the EMF achieved by the cell. 
The tests also revealed that a constant air flow is needed on the cathode side to ensure 
good performance of the cell as well as the fact that the maximum power output is 
limited by diffusion and dissociation processes at the cathode. 
Another critical observation is the fact that the reactor requires a pennancnt heating system as 
the reaction does not generate enough heat to keep the operating temperature at tile desircd 
value as with the annular reactor. 
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Chapter 6: 
Ammonia synthesis at atmospheric pressure 
Ile dominant process for ammonia synthesis is the Habcr-Bosch process. It involves tile 
reaction of gaseous nitrogen and hydrogen over a catalyst at intermediate temperatures (450- 
500"C) and highpressures (150-300 bar). This reaction is limited by thermodynamics 111. The 
reaction is exothermic which means that the conversion increases when the reaction 
temperature decreases. Recently, the synthesis of ammonia at atmospheric pressure has 
received much attention. In 2000, Marnellos et al 11] were the first to report the synthesis of 
ammonia at atmospheric pressure using proton conducting ceramics. Since then, Chcn ct al 
121 and Liu et al [31 have tested several materials such as doped cerium oxides, pyrochlorc- 
type complex oxides. They surpassed the rates of formation obtained by Mamcilos ct al by a 
factor of 100. 
This alternative route of production of ammonia at atmospheric pressure involves the 
dissociation of hydrogen at the anode and the subsequent transport of protons through the 
electrolyte material. At the cathode, the protons react with the pure nitrogen to form ammonia. 
The overall reaction is as follows: 
3H2 + N2 -> 2NH3 (Eq I) 
In this chapter the performance of doped barium cerates, doped strontium ccratcs and doped 
cerium oxides for ammonia synthesis is investigated. The materials exhibiting the highest 
current densities in fuel cell operation were tested for this new application. 
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6. Ammonia synthesis 
6.1 Compounds used 
Barium cerates 
Two types of barium cerates were used for these experiments. According to the fuel cell 
testing results, 10% neodymium doped barium cerates gives the highest power output. This 
material was therefore chosen to be one of the electrolytes due to its good electrochemical 
properties. The properties of the sintered samples have already been described in chapter 4. 
10% Gd doped was also used for the experiments to check it would give a similar trend to 
what was obtained in the fuel cell test i. e. lower performance. 
6.1.2 Strontium cerates 
In the case of strontium cerates, singly and doubly doped materials were produced with 
different levels of dopants. Either, neodymium or gadolinium were the main dopants and 
prascodymium. was used as second dopant. 7 different samples were prepared; they arc listed 
in table 6.1. XRD analysis was carried out to verify the composition of the powders; the 
results are presented in Appendix D1. 
Samplc Shrinking cocfficicnt Rclative dcnsity 
SrCeo. 95Gdo. 0503-a 11.25 90 
SrCeo. qGdo. 103-a 11.6 90 
SrCco. sGdO. 203- a 11.4 
90 
SrCeo. 8Gdo. 15PrO. 0503- a 12 91 
SrCeo. sGdo. IgPro. oIO3- a 11.9 91 
SrCco. qNdo. 103-a 
12.1 91 
[ErCCO. 
gNdO. 203- a 
12 91 
T2ble 6.1: Properties of doped strontium cerates properties 
The shrinking coefficients are not as high as the ones observed for the ncodymium and 
gadolinium doped barium cerates. It is important to mention that the sintcring temperatures 
for these materials were not as high as the ones used for the barium ccratcs. This explains the 
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lower shrinking coefficient values. Indeed, it was noticed that at temperatures above 1400"C 
the samples started melting. Furthermore, the calcined powders were much more difficult to 
work with. A hammer was needed to reduce the size of the agglomerates; the powders were 
then made finer using a pestle and mortar. Finally the powders were ball milled for 24 hours 
to obtain a very fine distribution with a d50 of 0.6 microns. 
6.1.3 Doped cerium oxides 
Cerium oxides are very interesting but also very complicated materials as Mogenscn ct aL 141 
demonstrated. They have been the subject of many studies but their properties arc still not 
very well defined. In contrast strontium and barium cerates have a cubic fluorite type structure 
instead of the orthorhombic perovskite type structure. The possible proton conduction was 
first reported by Nigara et aL and further confirmed by other studies 15-81 since. 
The procedure used to produce the doped cerium oxides was similar to the one used for tile 
strontium cerates and barium cerates. The solid state route was employed to produce the 
powder; however the sintering temperature was raised as Liu et al [21 reported that 98% 
relative density can be achieved at 1450"C. XRD patterns of the prepared samples are given 
in Appendix DI. 
Material Shrinking coefficient Relative Density 
Ceo. 8Ndo. 201.9 13 94 
Ceo. qNdo. 10 1.9 14 95 
Table 6.2: Shrinking coefficient and relative density for doped cerium oxide 
The densities of the two samples were measured using Archimedes' method and are given in 
table 6.2. High relative densities were achieved, suggesting that no gas permeation will occur. 
This is ion good agreement with the results obtained by Liu ct al 121. A cross section view of 
the pellets is given in Appendix D2. 
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6.2 Results 
Experiments were conducted at temperatures varying from 500"C to 700"C and the voltages 
applied to the cell varied from O. IV to 1.2V. The flow rates of nitrogen and hydrogen were 
fixed to 60 ml/min and 20 ml/min respectively for all experiments. In order to make it 
possible to compare the results obtained for each compound, the thickness of tile sintercd 
pellets was chosen as of 1.1 mm. 
6.2.1 Barium cerates 
6.2.1.1 Neodymiurn doped barium cerate 
BaCeo. gNdo. 103-a was the first material to be tested. When using it for fuel cell operation, the 
highest power output was obtained at 800'C. However, at this temperature the rate of 
decomposition of ammonia becomes too high compared to the rate of formation, making 
800"C not a suitable temperature for ammonia synthesis experiments. In previous papers, the 
Optimum temperature was chosen between 500'C and 70011C depending on the nature of the 
electrolyte material and the applied voltage was adjusted to between 0. IV and 1.2V. 
Influence of thepotential applied on the cell 
The first series of experiments consisted in determining the optimum voltage for a given 
temperature. The chosen temperature was 625"C as the ammonia decomposition is not 
dominant, this is shown by the equilibrium constant being lower than I and the conductivity 
of the electrolyte material is almost 100% protonic 131. 
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Experiments were carried out at 625"C using a Nd-doped barium ccratc and silver c1cctrodcs 
on both faces of the pellet. The imposed potential was varied from 0. IV to 1.2V. The outlct 
gas was bubbled either into hydrochloric (or sulphuric) acid solution at ambient temperature 
or in the same hydrochloric acid solution but at 4'C to trap ammonia. A blank test was also 
carried out to verify that there was no p1l change of the absorber at open circuit conditions. 
The rate of formation of ammonia obtained, are presented in the figure 6.1. The rates were 
calculated using the pH difference between the start and the end of each experiment. This 
method has proved to be reliable as shown in the past by several studies [1,9,101 on tile 
synthesis of ammonia at atmospheric pressure as the acid is completely dissociated. 
It can be seen from the results shown in figure 6.1 that the measured rate of formation 
increased when the solution was bubbled in the cold acid solution. This is due to the fact that 
ammonia dissolves much better in cold solutions. One volume of water dissolvcs 1200 
volume of the gas at O'C whereas it dissolves only 700 volumes at room tcmperature and even 
less as the temperature increases. Therefore it was chosen to operate at low tcmpcraturcs to 
enhance the dissolution of ammonia in the acid solution. At lower and higher flow ratcs than 
the one chosen the amount of ammonia trapped was lower. 
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At temperatures around 600'C, the transference number of doped barium ceratcs is vcrY close 
to unity, therefore the ratio I/2F is equal to the electrochemical molar flux of hydrogen 
through the solid electrolyte and the maximum amount of Nf13 formation should be 
(2/3)(1/2F). During the experiments, the maximum rate of fon-nation was obtaincd for a 
potential of 0.8V and the corresponding current was 12 MA. The molar flux of hydrogcn 
associated with these parameters is 6.21 . 10-8 MOI. S-I. CM-2 and the maximum amount of 
ammonia formation should be 4.14.1 0-8 MOI. S-I. CM-2. If we consider the ratio of the practical 
rate of production of ammonia to the theoretical maximum production rate it is only of around 
I %. This poor utilization of hydrogen can be explained by the very small surface area of tile 
electrodes and the high proton conduction of the material and also the electrode material 
which is not the best suitable for catalysing the reaction. Previous studies on tile subject do 
not mention this ratio apart from Me et al 1101 who studied a proton conducting lanthanum 
based material and reached 80%, but in their case, the material used had a very poor proton 
conductivity and the volumetric flow was 300 cm 3/Min for nitrogen and 100 cm 3/Min for 
hydrogen which is 5 times more than the one used in our experiments. 
Influence ofthe temperature on the rate ofproduction 
Temperature (IC) 500 550 1 575 600 625 650 700 
Rate of formation 
0.9 1.8 2.54 3.08 3.25 2.3 0.8 
*1010 (MOI. CM-2. S-1) 
Table 6.3: Influence of the temperature on the rate using BaCeo. gNdo., 03.. 
Table 6.3 gives the evolution of the rate of formation of ammonia with the operating 
temperature. The rate reached a maximum at 625"C. This value is the result of tile 
combination of many different factors. Indeed, the rate depends on the proton conduction, tile 
volumetric flow of hydrogen and nitrogen, the applied potential and on the rate of N113 
decomposition. As the temperature is raised the conductivity of tile material increases, (which 
is directly measured with the potentiostat and the current passing through the cell) but the rate 
of decomposition increases significantly. Table 6.4 presents the change in the equilibrium 
constant of the decomposition reaction of ammonia. 
2NI13 -+ N2+3H2 (Eql) 
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Temperature (IC) K 
500 7.8 
550 12.1 
600 17.8 
650 25.0 
700 34.1 
Table 6.4: Equilibrium constant of the ammonia decomposition reaction 
When the temperature passes from 600'C to 700"C the equilibrium constant is doubled, 
showing the shift of the reaction towards the decomposition of ammonia causing the decrease 
in the rate of formation. 
6.2.1.2 Gadolinium doped barium cerate 
The same experiments as used for the neodymium doped samples were repeated and the 
results are presented in table 6.5. 
Temperature (IC) 500 550 575 600 625 650 700 
Rate of formation 
0 84 1.65 2.47 2.84 3.06 2.03 0.71 
*1010 (MOI. CM-2. S-1) . 
Table 6.5: Influence of the temperature on the rate using BaCco. qGdO. 103-. 
The optimum temperature was found to be 6250C, which is the same as for the dopcd 
ncodymiurn barium cerate. A full comparison of the results obtaincd for both materials is 
shown on figure 6.2. 
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cerate 
The neodymium. doped sample exhibits slightly higher rates of formation at all temperatures, 
which agrees with the fuel cell operation tests carried out in chapter 4. The ncodymium dopcd 
samples had perfon-ned better at all temperatures when used as electrolyte for the fuel cell. 
The maximum rates obtained for the neodymiurn and gadoliniurn are respectively 3.25 and 
3.06.10-10 mol. s'l. cm-2 giving a 6% increase when using the neodymium. This is due to a 
higher proton conductivity 13]. 
6.2.2 Strontium cerates 
6.2.2.1 Using Gadolinium 
a. Singly doped 
For the singly doped materials, the strontium cerates were doped with 5,10 and 20 mol% of 
gadoliniurn. Figure 6.3 shows the evolution of the measured rate of formation with the 
temperature for the different dopant levels. 
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Figure 6.3: Evolution of the rate of formation of N113 using Cd doped strontium cerates 
Figure 6.3 shows that the highest rates are achieved with the lowest dopant level. The 
maximum rate is obtained at 650'C for both 5% and 10% and at 600*C for the 20% doped 
sample. The values obtained for the rates of formation are slightly lower than those of the 
doped barium cerates which agrees with the fact that the proton conductivity is lower in tile 
strontium cerates than in the barium cerates 121. This was observed for all the potcntials 
applied on the cells. 
b. Doubly doped 
A doubly doped strontium cerate was produced using praseodymium and gadolinium. In this 
case I mol % of the gadolinium was replaced by praseodymium. A recent study on ammonia 
fuel cells showed the advantage of using a second dopant in barium ccratcs. It was thcn 
decided to observe the effects of a second dopant in a strontium ccratc as this has never 
previously been reported. 
The powder produced has a strong yellow colour. The shrinking cocfficicnt was determined 
by measuring the diameter of the pellets before and after sintering. It was found to be cqual to 
13%. 
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From the work reported by Pelletier et al [111 doubly doped samples exhibit better 
performance than singly doped samples. Figure 6.4 shows that the doubly doped sample gives 
higher rates of formation of ammonia for an identical operating temperature. An important 
remark is that the maximum rate is achieved at the same temperature, around 600T. The 
difference in the rates is significant at temperatures below 650T where the proton conduction 
is the most important paraineter. As the temperature increases, the electronic conductivity of 
the samples becomes more important explaining the small difference between the two 
sampIcs. 
At lower temperatures (<650'C), the gap between the rates is due to a higher protonic 
conductivity which can be attributed to a greater number of vacancies due to tile presence of 
the second dopant. 
During the experiments, the maximum rate of formation was obtained for a currcnt of 0.55 
MA. The molar flux of hydrogen associated with these parameters is 2.85.10'9 mol. s*'. cm -2 
and the maximum amount of ammonia formation should be 1.9.10-9 MOI. S. I. CM-2 (calculations 
have been detailed in 6.2.1.1). If we consider the ratio of the practical rate of production of 
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ammonia to the theoretical maximum production rate it is only of around 5%. This hydrogen 
utilization is 5 times higher than the one obtained for the neodymiurn doped barium ccratcs 
but stays relatively low for the same reasons. 
Changing the amount ofthe second dopant 
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Figure 6.5: Influence of the amount of the second dopant 
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Figure 6.5 depicts the evolution of the rate of formation of ammonia as a function of the 
temperature for 1% and 5% of praseodymium. The results obtained arc very different. The 
optimum operating temperature has changed from 600"C to 500*C by increasing the Pr level. 
Furthermore, the sample with 5% of Pr is performing much better than the 1% sample. Thcrc 
is a factor of 4 between the maximum rates of formation; this could be explaincd by a change 
in the structure of the ceramic. The structure is probably not orthorhombic any longcr and 
therefore the properties of the material are changed. 
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6.2.2.2 Using neodymium as dopant 
Very different results were obtained with the neodymium doped samples. The rates achieved 
for a 20% doped strontium cerate are very low compared with any other result obtained 
previously, figure 6.5. It has been shown with the neodymium doped barium ccratcs that when 
the amount of dopant exceeds 10% the protonic conductivity of the material decreases and 
becomes as low as per a 5% doped sample. This can explain the very low rate of formation 
using a 20% doped strontium cerate. Furthermore, from the XRD pattern for this particular 
sample (Appendix DI), it can be deduced that there is a great number of vacancies, which is 
demonstrated by the shift of the peaks to the right. This could therefore give anotlicr sourcc of 
explanation for the poor performance of this material. 
20% is a relatively high percentage of dopant and no previous attempts have been made to use 
such a high level of neodymium. Strontium cerate with 10% ncodymium. was therefore 
produced in order to see if a lower dopant level would improve significantly the properties of 
the material. Experiments were carried out at temperatures from 500"C to 700*C. The results 
obtained are shown in figure 6.6. 
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Figure 6.6 exhibits the improved properties of the 10% doped sample. The rate of formation is 
rclativcly high compared to the other strontium cerates used and the hydrogen utilization is 
8%. The maximum rate is obtained at 650'C as per the singly doped gadoliniurn samples (5% 
and 10%) which confinns the similar properties of these materials. The rates of formation of 
the 20% doped sample are negligible compared to the 10% sample, though a maximum can be 
observed at 5500C. For singly doped material it appears that the dopant level should not 
cxcced 10% in order to achieve maximum rate of formation. 
6.2.2.3 Comparison of all the strontium cerates 
2.50E-10 
2. OOE-10 
1.50E-10 
1.00E-10 
5. OOE-1 I 
// 
/A _-"\ 
// 
A 
. -----------. . 
I 
U 
/ 
-. / 
O. OOE+00 - 7- 
450 Soo 550 600 650 700 
Temperature (*C) 
Figure 6.7: Comparison of the different strontium cerates 
10 % dd-I 
10% Nd 
ý -ä- 20 % Gd 
--20 % Nd 
5% Gd 
750 
Figure 6.7 depicts the evolution of the rates of formation of ammonia for the different 
strontium cerates samples. The highest rates are obtained with the 5% doped gadolinium, 
followed by the 10% doped gadolinium. This therefore suggests that small dopant lcvcls arc 
the best option to obtain high rates of formation. As the amount of dopant is incrcascd the 
transport number seems to decrease. The values reached are close to what was obtained with 
the doped barium cerates. This shows the balance between the facts that barium ccratcs have 
higher conductivities and strontium cerates have high transport numbers of protons 131. 
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Neodymiurn doped strontium do not exhibit proton conductivities as high as the ones obtaincd 
with barium cerates. 
Influence of the voltage on the reaction rate 
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Figure 6.8 shows that the applied voltage has a similar influence on the rate of formation for 
all the samples. First, the rate increases with increasing potential difference and thcn it 
reaches a maximum at O. 8V or IV depending on the ceramic matcrial. Above thcsc voltages, 
no more hydrogen can diffuse. This behaviour is in perfect agreement with what Liu ct al 121 
found for different cerium oxides. The rate of formation follows the same trcnd for a group of 
ccramics. 
6.2.3 Doped cerium oxides 
Doped cerium oxides have been found to exhibit good proton conductivity and therefore be 
promising materials for ammonia synthesis. So far, Liu ct al 121 have studied 4 types of doped 
cerium oxides using gadolinium, samarium, lanthanum and ytterbium. They showed very high 
rates of formation (up to 8.10-9 mol/s/cm 2) compared to doped barium ccrates and strontium 
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Cerates (10-10 or 10-11 MOI/S/CM2). It was therefore decided to investigate the pcrfon-nancc of a 
neodymium doped cerium oxide with two dopant levels: 10% and 20%. Results arc given in 
table 6.6. 
Temperature('C) 450 500 550 600 650 1 700 
Rate of fonnation 
0.32 0.48 0 64 1.31 1.82 0.74 * 109 (MOI. CM-2. S-1) . 
Table 6.6: Rates of formation of ammonia for Ceo. sNdo. 201.9 
As suggested by the study of Liu et aL [21, the obtained formation rates arc high compared to 
those observed for the doped strontium cerates and doped barium cerates. The maximum rate 
of formation was obtained for 650'C. This difference between the results and what Liu ct al 
found can be attributed to the electrode material: pure silver was used instead of silver- 
palladium, the method of preparation used for the powders: Liu ct al used a sol-gcl route 
whereas the materials used in this thesis were prepared via the solid state route. Indeed, 
palladium silver seems to have catalytic properties for the reaction of fort-nation of ammonia 
and the ceramics they produced had slightly higher densities that could influence the 
conducting properties. 
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Figure 6.10: Evolution of the rate of formation of N113 with the current passing through the system 
If the rate of formation of ammonia is plotted versus the current passing through the system 
(figure 6.10), it is important to note that the rate of formation is proportional to the current, 
therefore showing that the Non-Faradaic Electrochemical Modification of Catalytic Activity 
(NEMCA) effect is not taking place in the system. 
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Figure 6.11: Comparison of the formation rate of ammonia over 10% and 20% Nd doped cerlum oxide 
Figure 6.11 shows large differences between the two compounds Lc, the 10% doped cerium 
oxide exhibits significantly lower rates of formation which is due to a lower conductivity of 
the material. At 6500C and IV, the current passing through the system was 169 mA and 350 
mA for the 10% doped and 20% doped respectively. 
When comparing the performances of the doped cerium oxide with the otlicr matcrials, 
cerium oxides gave the best results by far. There is a factor of 10 improvcnicnt when 
compared with the doped strontium cerates and a factor of 5 with the dopcd barium ccratcs. 
This is due to the high proton conductivity of these compounds. Currcnts of up to 350 mA 
were observed when applying LOV to the cell. This means that the resistivity of the ccramics 
was very low. For comparison, the highest current achievcd with a dopcd barium ccratc was 
15 mA. 
If we now consider the utilization of hydrogen, even though tile current has increased 
significantly, the utilisation is still very low; it does not go over 2 percent. The explanation for 
these low values is once more the small surface area of the electrodes. 
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6.3 Conclusions 
Ammonia was successfully synthesised at atmospheric pressure using a widc range of proton 
conducting materials. The study shows the importance of the temperature, tile applicd voltagc 
and most importantly the material used. 
The experiments show the influence of the potential applied to the system; the formation rate 
increases rapidly as the potential passes from 0. IV to 0.6V, to reach a plateau for potentials 
above 0.8V. This observation was the same for all the materials tested. For each material there 
is a maximum rate of hydrogen that can diffuse and it is obtained at voltages above 0.8V. 
Another important point is the fact that using ice to cool down the acidic solution increases 
the dissolution of ammonia by 13% and therefore gives a more accurate measurement of tile 
rate of formation. 
The operating temperature also has a significant effect on the synthesis of ammonia. Tile 
optimum temperature varies with the type of electrolyte material used, for strontium ccrates 
and cerium oxides the maximum rates is obtained at 6500C and for bariuni ccratcs it is 625*C. 
The lowest rates of formation were obtained for the doped strontium cerates. Three dopants 
were utilised, namely, neodymium, gadolinium and prascodymium. The highest rates wcrc 
obtained with a 5% doped gadolinium, as the level of dopant was increased the rate of 
formation started decreasing. Neodymium doped samples generated lower rates for equivalent 
amount of dopant. A second dopant (praseodyinium) was added to improve the performance 
of the materials, which was successful but not to the point to exceed the rates of the 5% doped 
system. 
Gadoliniurn and Neodymium. doped barium cerates exhibited rates of fon-nation higher than 
the strontium cerates by a factor of 1.5 but did not reach what Li et al 19] found for similar 
materials. However it is important to mention that the flow rates used for nitrogen and 
hydrogen were 60 ml/min and 20 ml/min respectively, 5 times lower than what they used. 
These high flow rates allow more ammonia to be dissolved in less time. 
Among the materials tested, doped cerium oxide exhibited the highest rates of formation 
reaching 1.82.10-9 MOI. S-I. CM-2. It is also important to remark that although the rates of 
formation were good; hydrogen utilisation was poor, i. e. not exceeding 5%. This was the case 
for all the materials; a source of explanation is the small surface area of the electrodes (1.2 
269 
Chapter 6: Ammonia synthesis at atmospheric pressure 
Cm 2), therefore most of the hydrogen diffusing through the electrolyte does not rcact but the 
main reason is most likely to be the catalyst used as silver is not commonly used for this type 
of application. 
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Chapter 7: 
Production of YSZ flat sheets 
For several reasons, both economical and environmental, the production of yttria stabilized 
green sheets is a very important process. Numerous methods can be used to produce green 
sheets such as spray pyrolysis, plasma spraying, electrochemical vapour deposition and screen 
printing [1 -4] the most economical and practical one is tape casting. Tape casting is a low cost 
ceramic fabrication technique; it does not require any expensive equipment or materials. It 
can be used to produce green sheets covering a large range of specifications. The thickness 
can vary from 20 microns to a few millimeters depending on the use of the ceramic. One of 
the main advantages of this technique is that it leads to a very homogeneous microstructure; 
this explains why it is being used to fabricate electrolyte materials for fuel ccils. This 
technique uses a suspension containing a binder that is either solvent or water soluble [5-71. 
The organic solvent based tape casting process is considered to be a morc convenient choice 
than the water based one because of the ease of preparation. 
In addition to the binder, several other compounds play a very important role on the 
preparation of the suspension and therefore the final properties of the green shcct. The process 
can be deconstructed into several stages. First, a concentrated slurry is prcparcd, containing 
the deflocculated powders mixed with binder and plasticizers. The tape is then formed when 
the slurry flows beneath a blade, forming a film on a moving carrier substrate. Another option 
is to pour the slurry onto a flat surface and move a blade over the surface to form the film. 
In this chapter, formulations for both, solvent based and an aqueous bascd slurry were 
identified. The different preparation stages were studied: 
1) characterization of the powder: particle sizing, zeta potential and surface area. 
2) preparation of the slurry (solvent and dispersant) 
3) determination of the amount of binder and plasticizer required 
4) tape casting 
5) sintering 
6) characterization of the sintered material 
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7. YSZ flat sheet production 
7.1 Characteristics of the powder 
7.1.1 XRD and particle size 
XRD analysis was carried out on all powders to ensure that the composition of tile powder 
was exactly as required. This confirmed the obtained powder was an 8 mol % yttria stabilizcd 
zirconia. 
The particle size or d50 of the YSZ powder was found to be 0.44 microns. The analysis was 
repeated three times. This small particle size is ideal for ceramic processing as a fine powder 
allows the formation of a homogeneous slurry. 
7.1.2 Zeta potential 
It is recognized that the more densely a powder compacts, the easier it is to achieve a high 
ceramic density. The dispersion is a critical factor that determines the compact density of the 
future ceramic. Fully dispersed suspensions help to obtain high density compacts and 
therefore fully dense samples after the sintering process. Dispersed suspensions can be 
obtained with high zeta potentials of the particles where there is sufficiently high surface 
charge density to generate a strong repulsion double layer. To achieve this, it is necessary to 
add dispersant to the suspension. It is relatively difficult to obtain a solution with a zero 
potential, however it is possible to get as close as possible to it by adding small amounts of 
acid or base solution. The zeta potential of 8 mol % YSZ powder in water has been measured 
as a function of the pH with and without dispersant. The iso-clcctric point is shifted from pil 
7.8 to pH 5.4 as shown in figure 7.1. The addition of darvan C has the effect of making the 
particles more negatively charged. At a pH below 3 and above 8 the zeta potential has values 
of 42 and -25 mV respectively making it possible to obtain stable suspcnsions. 
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Figure 7.4: Zeta potential of 8 mol % YSZ from Unitec Ceramics Ltd. 
Wthout dispersant 
The zeta potential of 8 mol% YSZ has previously been measured 18], however it is not 
possible to compare the value found in our study to these values as the iso electric point is 
very dependent on the powder. 
7.2 Organic based slurry 
7.2.1 Formulation 
Many different solvents can be used for the preparation of oxide ion conducting green shccts 
and more precisely yttria stabilized zirconia. Moreno has given an extensive description 151 of 
all the properties of the solvents, the solvent mixtures and their ability to stabilizc the 
suspension. One of the mixtures suggested is Isopropanol and Methyl Ethyl Ketone. Both 
solvents were supplied by Fisher Chemicals. The YSZ powder was supplied by Unitcc 
Ceramics Ltd and the polyvinyl butyral, dibutyl phthalate and the polyethylene glycol wcrc 
supplied by Sigma Aldrich as Moreno 15] shows they are the best suited for this study. 
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Reagent Composition (in weight %) 
8 mol % YSZ powder 60 
Solvents: - Methylethyl Ketone (MEK) 
-Isopropanol 
10 
10 
Dispersant: turpentine 2 
Binder: polyvinyl butyral (PVB) 6 
Plasticizers: - Dibutyl. Phthalate (DPB) 
- Polyethylene glycol (PEG 400) 
6 
6 
Table 7.1: Composition of the organic based slurry 
Table 7.1 presents the optimal composition of the organic solvent based slurry. Before 
obtaining this formulation, many different compositions were tried unsuccessfully. The results 
of this process of trial and error are presented in table 7.2. The highest possible solid loading 
was tried to be achieved as it is synonymous of a high density for the sintcrcd ceramic. 
During this first stage of the process, the powder and the compounds were ball milled for 24 
hours in a glass bottle with zirconia balls. 
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Sample Drying Green sheet: Comments 
2 24 hours ambient T Good aspect, smooth surface, flexible 
7 24 hours ambient T Good aspect, smooth surface, rigid 
8 24 hours ambient T Good aspect, smooth surface, very little flexibility 
9 9 24 hours ambient T Good aspect, smooth surface, some flexibility 
1 0 24 hours ambient TI Did not dry out, stayed sticky 
T2ble 7A: Aspect of the green sheets 
The amount of dispersant corresponds to the quantity needed to reach a p1l value within tile 
acceptable range of operation i. e. around 9. The first critical part of the preparation of the 
slurry is the determination of the maximum solids loading. The higher the solids loading, tile 
higher the density of the ceramic. Table 7.2 presents the different solid loadings that were 
tried. The highest loading that produced a workable slurry was 60%. For higher loading it was 
impossible to use the slurry, it was too thick. As 60% was the maximum solids loading 
achieved, it was therefore decided to work with this particular loading. Table 7.3 shows the 
different compositions used for the binder and plasticizers. They were used to control the 
elasticity and flexibility of the green tape. Too much plasticizer generates a very sticky paste 
that cannot be worked. To demonstrate the importance of the plasticizers (DBP and PEG 
400), a slurry was prepared without these additives. All the slurrics prepared that were 
workable were then cast and the properties of the green sheets presented in table 7.4. Sample 
7 shows the direct influence of the plasticizers, if no PEG or DPB is added to the slurry, it 
results in rigid green sheet. As the amount of plasticizers was increased the sheets became less 
rigid and good flexibility levels were obtained. 
Sample De-airing Sintering Comments 
2 No 1600'C for 6 hours, rate 4"C/min pinholes and cracks 
2 Yes 1600T for 6 hours, rate 4*C/min no pinholes but cracks 
2 No 1600T for 6 hours, rate I T/min no pinholes but a few cracks 
2 Yes 1600T for 6 hours, rate I *C/min no pinholes and no cracks 
Table 7.5: Influence of de-airing and sintering 
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Table 7.5 shows the importance of the de-airing process. During ball-milling, air bubbles 
were trapped in the slurry and when the tape was left to dry, the air escaped and holes were 
forined. It was therefore necessary to de-air the slurry bel'ore depositing it onto the support. 
The easiest option to de-air the slurry is to use desiccators and create a vacuum. This was 
done by using a hand pump connected to the desiccator, Figure 7.2. A vacuum of'O. 7 bar was 
reached and proved to be enough to obtain good results. The slurry was lefit to de-air far I 
hour in the desiccator. This allowed the production of defect free green shcets. 
its X7% 
Figure 7.2: Photograph of the dessicator Figure 7.3: Photograph offfic docim bladc 
The casting process had to be carried out on an appropriate support i. e. a hydrophilic paper so 
that it could be removed easily once it was dried. The tape casting was carried out oil tile 
manual doctor blade shown in Figure 7.3. After the deposition, the tape was left to drý at 
ambient temperature for 24 hours to ensure it was completely dry. 
7.2.2 Properties of the sintered ceramic 
After the drying process, the tapes were sintered at temperatures Of Lip to 1600'C for 6 hours 
using heating and cooling rates of I "C/min. The use ot'higher rates resulted in tile formation 
of cracks in the sheets. Their density was measured using the displacement method where 
water was used as medium. Results are presented in Table 7.6. 
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Temperature (OC) Shrinking (%) Relative Density 
14 16 86 
1500 18 89 
EWE 19 90 
T2ble 7.6: Shrinking and relative density of the sintered tape 
The relative density increases significantly with the temperature to reach a value of 90% 
meaning that the material sintered is suitable for use in fuel cell operation. Below 90% tile 
porosity of the YSZ would cause high losses in the system, rendering it impossible to operate 
efficiently. The sheets must therefore be sintered at 1600"C to exhibit good behaviour in fuel 
cell operation. 
7.3 Water based slurry 
7.3.1 Formulation 
A lot of effort has been put into the development of water based techniques to produce yttria 
stabilized zirconia green sheets. They present both advantages of being economical and 
environmentally friendly. However, the use of water complicates the process; it is much 
simpler to control the fabrication when using a solvent based slurry [6]. The dcvelopmcnt of 
water based formulation for tape casting processes using gelatin as plasticizer has been 
studied 171. Gelatin is a protein extracted after partial hydrolysis of collagcnous raw material 
from the skin, white connective tissue and bones of animals. In this case, the number of 
compounds involved in the formulation is less than is the case of the organic based method 
and these are a lot safer to handle. 
The final fonnulation obtained is given in Table 7.7. 
Reagent Composition (in weight %) 
8 mol % YSZ powder 65 
Solvent: Water 20 
Dispersant: Darvan C 2 
Binder: Gelatin 4 
Plasticizers: PEG-400 9 
Table 7.7: Composition of the water based slurry 
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The method used to produce the slurry has to be adapted to the use of gelatin and its specific 
properties but remained similar to the one used for the solvent based slurry. To avoid 
premature gelation, the operating temperature had to be maintained above 35*C. This 
characteristic of the gelatin has also to be considered during the de-airing process. Indeed, if 
left for too long, the slurry will start setting in the mixing vessel and it will be impossible to 
cast it. A study by Fennema et aL [91 demonstrated that gelatin cannot be used at p1l below 4 
because it undergoes progressive hydrolysis. According to results found on the zeta potential, 
it is necessary to maintain the pH above 8. This is done by using Darvan C without any 
worries of degrading the gelatin as long as the pH does not exceed 10. The amount of 
dispcrsant was found to bc 2% of the total wcight of the slurry. 
Sam le Powder content 
Additives 
p Deionised water Darvan C Gelatin PEG 400 
1 50% 30% 2% 8% 4% 
2 60% 20% 2% 6% 12% 
3 70% 10% 2% 4% 14% 
4 70% 15% 2% 4% 9% 
5 65% 15% 2% 5% 13% 
6 65% 20% 2% 4% 9% 
7 65% 20% 2% 5% 8% 
8 65% 20% 2% 6% 7% 
9 65% 20% 2% 3% 10% 
10 65% 20% 2% 2% TI 0/0, 
Table 7.8: Influence of the solid loading and additives 
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Sample Comments 
workable 
2 workable 
3 Too sticky to be taken out of the glass bottle 
4 Sticky paste could not be worked 
5 Sticky paste could not be worked 
6 workable 
7 Sticky paste 
8 Too sticky, not workable 
9 workable 
10 Too loose non workable 
Table 7.9: Comments on the properties of the slurries 
Sample De-airing Drying Green shect: Commcnts 
I Yes 24 hours ambient T Good aspect, smooth surface, some flexibility 
2 Yes 24 hours ambient T Good aspect, smooth surface, flexible 
6 Yes 24 hours ambient T Good aspect, smooth surface, flexible 
9 Yes 24 hours ambient T Good aspect, smooth surface, fragile 
Table 7.10: Aspect of the green sheet 
Sample Sintering Comments 
2 1600'C for 6 hours, rate I *C/min No cracks 
6 1600'C for 6 hours, rate I "C/min No cracks 
9 1600'C for 6 hours, rate I'C/min Some cracks 
Table 7.11: Aspect after sintering 
The YSZ powder, water and dispersant were ball milled in the proportions given in table 7.8 
for 24 hours. The comments on the resulting slurries are shown in table 7.9. During this 
mixing process, the suspension was heated up to just above 35C. The temperature was 
controlled with a thermometer placed in the vessel. Once the temperature had stabiliscd, the 
gelatin was added to the suspension and the slurry was left to mix for 12 hours. The 
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polyethylene glycol was then added and the slurry was allowed to mix for a furthcr 12 hours, 
while keeping the temperature above 35'C. The highest solids loading achievcd is 65%, 
which is relatively high and therefore should generate a high density ceramic. For solids 
loadings above 65% it was not possible to obtain a workable slurry, the amount of water is too 
little compared to the additives and it makes the slurry very sticky and impossibic to 
manipulate. 
After the mixing, the slurry was placed in desiccators to de-air for 20 minutes only, it was 
noted that if left for more than 20 minutes, the slurry started gelling in the mixing vessel, 
making it unusable. The slurry was then cast onto a hydrophobic support and left to dry at 
ambient conditions over night. A number of different surfaces were tried out before it was 
finally found that a hydrophobic sheet of polyvinylidene dichloride (PVDQ was best suited to 
deposit the slurry. All the other surfaces were ruled out as during the drying process at 
ambient temperature, cracks formed in the green sheet making it unusable. The resultant green 
sheets had a thickness of 1.3 mm. The flat sheets could be handled without any worries of 
breaking them, showing good flexibility as commented on in table 7.10. 
The three green sheets which showed the best flexibility were then sintercd. A description of 
the properties of the sintered material is given in table 7.11. Only samples 2 and 6 came out 
without any cracks. The cracks in sample 9 are due to the lack of binder in the slurry. From 
the two samples, 6 was chosen to be the best option as it has a higher solid loading meaning 
that after sintering, the ceramic will have a higher density. 
7.3.2 Properties of the sintered ceramic 
Aficr the drying process, the tapes were sintered at temperatures up to 1600*C for 6 hours 
using heating and cooling rates of I "C/min. Their density was measured using the 
displacement method where water was used as the medium. The results arc presented in 
table 7.12 
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Temperature (IC) Shrinking coefficient (%) Relative Density 
1400 17 89 
1500 19 90 
1600 21 92 
Table 7.12: Shrinking and relative density of the sintered tape 
The properties of the aqueous based ceramic follow the same trend as for the organic solvcnt 
based ceramic table 7.6. The relative density increases with the temperature to reach a value 
above 90% at 1600'C making it suitable for use in fuel cells. The density at 1600"C is slightly 
higher than the one obtained for the organic solvent based method. This therefore means that 
it is much more advantageous to use the water based method than the solvent based one. The 
resulting sintered materials have comparable properties and the aqueous route is much more 
enviromnentally friendly. 
7.4 ElectrochemicaI properties of the sintered tapes 
7.4.1 Comparison of the two ceramics 
To evaluate the tape cast sheets as electrolytes, two SOFC cells were prepared. Silver was 
sprayed on both faces of the two samples, (aqueous based and solvent based) with a thickness 
of 0.75 mm. The IN characteristics were measured of the cells using ammonia as fuel and air 
as oxidant. The cells were operated at 800'C. The EMF and power output are plottcd in 
Figure 7.4 
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Figure 7.4: Comparison between water based and organic solvent based ceramics 
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From the graph it is noted that there are no significant differences between the two systems. 
The preparation method does not have any major influence on the performance of the 
ceramic. This therefore demonstrates that tape casting using aqueous based slurries is 
definitely the best option. Indeed, it does not require the use of hazardous solvents and the 
clcctrochemical characteristics of the ceramic are as good as the ones observed when using a 
solvents based method. 
7.4.2 Comparison between tape casting and pressing 
In chapter 3, the preparation and the characteristics of yttria stabilized zirconia pellets is 
presented. Comparing the properties of the sintered materials, it can be noted that slightly 
higher relative densities were achieved with the tape cast sheets. Comparing the 
electrochemical properties of the two ceramics, figure 7.5, it can further be noted that the tape 
cast sheet exhibits slightly higher EMFs at equivalent current density. This is a direct effect of 
the higher density of the water based ceramic. If now the performance of the pcilct is 
compared with that of the organic solvent based ceramic the performance of the cells are 
almost identical, figure 7.6, these samples have densities which arc similar therefore 
confirming the influence of the density of the ceramic. 
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7.5 Conclusions 
Yttria stabilized zirconia green sheets were successfully produced using an casy and 
economical method: tape casting. Two types of solvents were used for the preparation of the 
tapes: organic and aqueous. 
Using a mixture of MEK and Isopropanol a 60% solid loading green slicct was produced. 
60% is the highest that could be achieved; higher solid loading resulted in the slurry to be 
unusable. The green sheets produced showed good flexibility and easy handling as well as 
high density after the sintering process, up to 90% when sintered at 16000C. 
Flexible green sheets were also produced using water as the solvent. In this case, the highest 
solid loading achieved was 65%. The green sheets showed the same level of flexibility as that 
of the organic based ones. However, the higher solid content resulted in higher density of the 
sintered ceramic. Indeed, samples sintered at 1600'C showed relative densities of 92%. 
In terms of electrochemical properties, the best results were obtained with the water based 
ceramic due to the higher solid loading and relative density. The higher relative density means 
that the ceramic exhibits higher conductivity, a crucial property when using it as electrolyte 
material in a fuel cell. 
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8. Conclusions and Future Work 
Conclusions 
* Solid oxide fuel cell 
The main objective of the thesis was the study of the characteristics of different solid oxide 
systems using ammonia as fuel. 
The first design to be studied was an annular system: 
- The two electrolyte materials used were a 12 mol% calcia stabilized zirconia and a6 
mol% yttria stabilized zirconia. The different series of tests demonstrated the poor 
performance of the calcia stabilized ceramic compared to the yttria stabilizcd one 
when using silver electrodes. This was observed over the whole range of opcrating 
conditions (temperature and flow rates). Calcia stabilized zirconia was thcr6orc 
abandoned and attention was focused on yttria stabilized zirconia. 
It was showed that the thickness of the electrode, in the case of silver, plays a vcry 
important role in the performance of the cell. The power delivered by the cell 
decreases with the increasing thickness of the anode. Several cells were prcparcd and 
it finally showed that the highest current densities were obtained for an average 
deposition of 16 to 20 mg/cm 2. A thick silver electrode has a very densc structure 
which stops or makes it difficult for the gases to diffuse through it. 
- Several anode materials were studied to evaluate their properties and possibilitics to be 
used in a direct ammonia fuel cell. Among these materials, a nickel ccrmct flat shcct 
supplied by ESL ltd exhibited the best performance in terms of ammonia convcrsion 
(92% at 8000C) and power densities achieved. Silver and platinum showed poor 
results (38% and 40% at 800"C). Other nickel based materials, confirmcd their ability 
to decompose ammonia and deliver high current densities (85% for an in-housc 
prepared Ni-YSZ ccrmct). 
The study of the open circuit voltage has given an insight of why ammonia can deliver 
higher EMFs than pure hydrogen. The presence of ammonia changes the atmosphere 
modifies the Nernst potential and the gibbs free energy causing the EMFs to increase. 
It was demonstrated that no NO are produced during operation of the ccll contrary to 
what was observed by Vayenas ct al. It was therefore shown that ammonia is not 
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oxidised to NO but there is some uncertainty on the process taking place in tile cell. 
Indeed, it is considered that ammonia is decomposed to nitrogen and hydrogen and the 
produced hydrogen reacts with oxygen to produce water and electricity. The mass 
spectrometer spectra showed it, however, there is a possibility that some of the 
ammonia could be oxidised directly to nitrogen and water and this was not estimated. 
The second design was a pellet or planar system: 
Given that the pellets were being made, the thickness of the electrolyte could be varied. Tile 
annular system's study showed the poor performance of silver and platinum, therefore 
attention was focused on the nickel cermet flat sheet. 
- Investigations into the influence of the thickness of the electrolyte demonstrated what 
was expected, i. e. the thinner the electrolyte ceramic, the better the performance of the 
cell, the ohmic losses were much lower. Furthermore, the current densities achieved at 
700'C and 800'C by the cells were of the order of what is obtained for fuel cells 
powered by hydrogen. 
- It was also possible to compare the methods of deposition of silver, showing that spray 
painting gives much better results (in terms of performance) than simply painting with 
a brush due to the uneven deposition of the paint and the uncontrolled thickness. 
- The pellets used for the experiments had a relative density of 92% which is rclativcly 
good but diffusion of gases can still be expected and which will cause short circuiting 
of the cell or in this case will lower the EMF. This could be anothcr source of 
explanation for the relatively low current densities achieved by the cells. 
Simulations: 
The simulations of both reactors using Femlab have given a first insight of how much 
information it is possible to gain from this software. It was possible to reproduce the operating 
conditions in the reactor and generate information that could be useful for the future, however 
these simulations did not take into account all the factors influencing the performance of the 
fuel cell such as temperature variations (due to the endothcrmic decomposition reaction of 
ammonia) and the electrochemical reaction of hydrogen with oxygen. 
The two studies demonstrated the advantage of using ammonia over hydrogen. In both cases, 
higher performances were achieved with ammonia when the anode material was the nickcl 
cermet. The anode material choice is critical, it was shown that silver and platinum arc not 
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suitable for use in direct ammonia fuel cells. Furthermore, the operating temperature of the 
system has to be maintained over 7000C. When directly comparing the two systems, it was 
shown that the planar design delivers higher power densities than the annular system. An 
increase of 25 MW/CM2 was observed at 8000C. The higher EMFs obtained with ammonia can 
find an explanation in the presence of ammonia in the system, which influences the Nernst 
potential of the cell as the partial pressure of ammonia plays an important role. 
* Proton conducting fuel cell 
After the study of oxide conducting materials, attention was given to proton conducting 
systems. Several grades of neodymium and gadolinium doped barium ccratcs wcre tested as 
clectrolytes. Silver was the only electrode material suitable in this case as the nickel ccrmet 
has a thermal expansion coefficient that was too different from that of dopcd barium ccrates 
and it did not stick to the pellets. 
- The experiments demonstrated the great influence of the amount of dopant present in 
the material. The optimum dopant level was found to be 10% for neodyi-nium agreeing 
with previous studies carried out on the properties of ncodymium-dopcd barium 
cerates. BaCe03 achieves 1.5 mA/cm 2 and a 10% Nd doped BaCcO3, delivers a 
current density 10 times higher. 
- Neodymium, and Gadoliniurn doped samples were prepared to compare the dopants' 
performances. Neodymium. proved to be the best proton conductor for a dopant level 
of 10%. 
- At 800'C, the ammonia powered cell exhibited performances slightly lowcr than thosc 
of the hydrogen powered cell showing the potential of ammonia. The cxpcrimcnts 
carried out with the oxide ion conducting electrolyte showed that tile power output of 
a cell running on ammonia can exceed the one of a cell running on hydrogcn. 
However, in the case of the proton conducting electrolyte, silver was uscd as clectrode 
material and it was shown that only 38% of the ammonia prcscnt at the anode is 
converted therefore limiting the performance of the cell. 
- The performance of the 10% neodymium doped barium ccrate was comparcd with the 
8 mol% yttria stabilised zirconia. At 8000C, the cell Ag/BaCcO. qNdO., Oj.. /Ag achicvcd 
a power density of 16 mW/cm 2 at a current density of 60 mA/cm 
2, showing much 
better performance than the commonly used 8 mol% yttria stabilized zirconia. This 
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demonstrates the high potential of proton conductors and ultimately the possibility of 
using them instead of the common oxide conductors. 
9 Ammonia synthesis 
Ammonia was successfully produced at atmospheric pressure using doped barium ccratcs, 
doped strontium cerates and doped cerium oxide. Ammonia formation rates obtained ranged 
from 2.10-11 to 1.82.10-9 mol. s-l. cm-2, which is satisfactory when compared to the results to 
that had been previously obtained for doped barium cerates and doped strontium ccratcs. 
- The study demonstrates the influence of the potential applied on the cell; the formation 
rate increased rapidly as the potential passes from 0. IV to 0.6V, to reach a platcau for 
potentials above 0.8V. This observation was the same for all the materials testcd. For 
each material there was a maximum rate of hydrogen that can diffuse and it is obtaincd 
at voltages above 0.8V. It was also shown that cooling down tile sulphuric acid 
solution helped the dissolution of ammonia and is therefore a more accuratc mcasure 
of the actual rate of formation. 
- The lowest rates of formation were obtained for the doped strontium ccrates, cvcn 
after adding a second dopant. The highest rates were obtained with a 5% gadolinium 
doped sample. As the level of dopant is increased the formation rate becomes lower. A 
second dopant (praseodymium) was added to improve the performance of the 
materials, which was successful but did not exceed the rates of tile 5% doped system. 
- The doped barium cerates gave formation rates higher than those observed for the 
doped strontium cerates by a factor 1.5. However, there was no improvement in tcnns 
of hydrogen utilisation as it only reached 2%. 
Doped cerium oxides exhibited the highest rates higher by almost a factor 5 than the 
rates of the doped barium cerates. However, the hydrogen utilisation did not cxcccd 
5% in all cases making the process not very attractive. 
A way of improving the system would be to produce electrolytes with a largcr surfacc 
area in order to maximise the use of hydrogen. Silver should be rcplaccd by a Pd-Ag 
alloy as they have demonstrated better catalytic activity for ammonia syntlicsis at 
atmospheric pressure. 
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0 Yttria stabilized zirconia flexible green sheets 
Yttria stabilized green sheets were successfully prepared via tape casting using both a watcr 
based suspension and an organic solvent based suspension. It is often considercd that 
preparing water based YSZ green sheets is a much more complicated process than using an 
organic solvent based method. Admittedly, the water-based process requires more attention 
than the organic solvent one as the temperature has to be monitored carefully and maintained 
above the gelation temperature. However, the rest of the process is very similar to the other 
one and it offers the advantage of being environmentally friendly. 
-A 60% solid loading green sheet was produced using organic solvent showing good 
flexibility and easy handling 
-A 65% solid loading green sheet was produced using water as solvent. The rclativc 
density of the sintered body reached 92%, which is what is expected for a good quality 
ceramic for fuel cell operations. 
- When used as electrolyte in a fuel cell, the water based ceramic exhibited bcttcr 
performance than the organic solvent one confirming the higher quality of this 
formulation. 
* Micro reactor 
Laminated reactors are a very attractive option for compact heating and cooling systems. 
They are lightweight and offer rapid heat and mass transport. The design opted for here was a 
I-pass heat exchanger. The manufacture of the reactor was very difficult as the multiple 
connection points made it very fragile; furthen-nore the repeated heating and cooling 
processes caused cracks in the joints. 
- In terms of performance, the reactor was satisfactory as ammonia cxhibited 
comparable results with hydrogen. A critical observation is the nccd of a constant flow 
of air on the cathode side; otherwise there is a significant power loss. 
- Another important point was the fact that the reactor is not self sustaining 
in tcnns of 
heat. A source of heat is required at all times even once the reactor is operating at 
steady state. The reaction is not generating enough heat to maintain the reactor's 
temperature. One way of solving this problem would be to increase the surface area of 
the electrodes. This would mean to either require a bigger reactor or having more than 
I pass. The second option comes with a drawbacks though as the assembling of the 
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reactor will become more and more difficult due to the increasing number of sheets 
required to build the reactor. 
B. Recommendations and Future Work 
The work that was carried out showed promising results; however there are many possibilities 
to improve the performance of the systems developed to obtain better results and make it a 
potential solution as an energy source. Similar observations can be made for the ammonia 
synthesis. 
Oxide ion conducting system 
In the case of the annular system: 
- Tubes with smaller wall thickness should be used 
-A simpler design should be found. Indeed, putting together the quartz tubes and the 
stainless steel fittings appeared to be sometimes very difficult plus a lot of stress is put 
on the tubes at the connections making them subject to breaking. 
- Another cathode material should be used as silver has been proven not to be the best 
option 
In the case ofthepellet system: 
- The perfonnance of the cell could be improved by further rcducing the thickncss of 
the electrolyte 
Using a more appropriate cathode material such as a lanthanum-bascd. compositc. 
Develop a better current collector system for the anode 
The recent developments in solid oxide fuel cells have seen the trend going towards the use of 
anode supported systems. These systems offer the advantage of having a very thin electrolyte 
layer therefore reducing the ohmic losses and enhancing the performanccs significantly. 
Another area that can be developed is the catalyst on the anode side. Nickel is a very good 
catalyst for ammonia decomposition but if ammonia is to be used in fuel cells it is necessary 
293 
Chapter 8: Conclusion and Future Work 
to achieve higher conversions at lower temperatures. The addition of a catalyst could be a 
solution or the development of a mixed composite anode material. 
0 Proton conducting system 
The different proton conducting materials produced and used for the experiments have shown 
that doped strontium cerates are not suitable for use in fuel cells. The most promising material 
are doped barium cerates and potentially doped cerium oxides. The next steps would be: 
- To build cells with a composite anode material made of nickel oxide and the 
electrolyte material. 
To use a cathode material other than silver. 
The remarks made about the design in the oxide ion conducting section also apply 
here. 
0 Ammonia synthesis at atmospheric pressure 
From the results it can be concluded that doped strontium cerates are not suitable materials for 
ammonia synthesis and no further work involving them should be carried out. 
- Cerium oxides have exhibited high potential and their properties should be furthcr 
studied. 
- Palladium based electrodes appears to have the best catalytic properties for ammonia 
synthesis and therefore they should be tested with cerium oxide clcctrolytcs to obscrvc 
the effect on the rate of formation. 
- The use of systems with a larger surface area would allow better liydrogcn utilization 
compared to the poor results obtained. 
Simulations 
From the simulation interesting preliminary results were obtained, however, it would a good 
idea to model the thermal effect associated with the thermodynamics of the reactions within 
the cell as this was not taken into account. 
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A2. Calibration of the first mass spectrometer 
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Bl. Influence of the flow rate at different temperatures Ag/CaSZ/Ag, thick 
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B2. Influence of the temperature at different flow rates Ag/CaSZ/Ag 
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B3. Comparison thick and thin power density (CaSZ tubes) 
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B3. Influence of the flow rate thick and thin anodes (CaSZ tubes) 
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B6. Platinum anode: Influence of the ammonia flow 
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B6. Platinum anode: Influence of the concentration 
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B7. Nickel-silver anode: Influence of the ammonia flow 
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B7. Nickel-silver anode: Influence of the ammonia concentration 
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118: Influence of the pellet thickness Ni/YSZ/Pt 
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B8: Influence of the pellet thickness Ag/YSZ/Ag 
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B9. Comparison between Ag-Ag and Pt-Pt cells 
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B10. Oxygen generation for Pt/YSZ/Pt cell 
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Figure 52: Oxygen generated at 700"C 
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B10. Oxygen generation for AgfYSZ/Ag cell 
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Figure 54: Oxygen generated at 6001C 
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Figure 56: Oxygen generated at 8001C 
1200 
330 
Appendix B 
B10. Oxygen generation for Ag/CaSZ/Ag cells 
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Figure 57: Oxygen generated at 6001C 
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Bl 1. Comparison anode inside-anode outside 
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B12. OCV testing 
Pure ammonia 
With a Ni-YSZ anode With a Ag anode 
at 500 *C at 500 OC 
Pure ammonia (ml/min) OCV (V) Pure ammonia (ml/min) OCV (V) 
5,8 1,136 5,8 0,982 
10,5 1,148 10,5 1,006 
21,6 1,156 21,6 1,054 
36,7 1,166 35 1,051 
59 1,173 68,3 1,07 
at 600 IIC at 600 IIC 
Pure ammonia (ml/min) OCV (V) Pure ammonia (mllmin) OCV (V) 
8,6 1,172 8,6 1,043 
21,6 1,194 21,3 1,067 
28,4 1,197 28,7 1,081 
36,5 
1 
1,206 36,3 1,102 
61,7 1,214 61,5 1,118 
at 700 *C at 700 *C 
Pure ammonia (ml/min) OCV (V) Pure ammonia (ml/min) OCV (V) 
3 1,136 3 1,027 
10,6 1,187 10,5 1,066 
24,6 1,215 24,4 1,089 
36,9 1,226 29,6 1,089 
63 1,238 36,7 I'l 
63,2 1,118 
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OCV influence of the argon 
With a Ni-YSZ anode 
at 500 IIC at 500 IIC 
Ar(12 ml/min) +NH3 flow (ml/min) OCV(V) Pure ammonia (ml/min) OCV(V) 
10 1,128 6 1,136 
26 1,14 10,5 1,148 
44 1,151 21,6 1.156 
36,7 1.166 
59 1,173 
at 600 I'C at 600 *C 
Ar (12 ml/min) + NH3 flow (ml/min) OCV (V) Pure ammonia (ml/min) OCV (V) 
8 1,17 8,6 1,172 
28 1,183 
ý21,6 
1,194 
44 1,19 28,4 1,197 
36,5 1,206 
61,7 1,214 
at 700 IC at 700 *C 
Ar(12 ml/min) +NH3 flow (ml/min) OCV(V) Pure ammonia (mVmin) OCV(V) 
8 1,179 10,6 1,187 
34 1,222 24,6 1,215 
46 1,231 36,9 1,226 
63 1,238 
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OCV comparison of the anode materials 
With a Ni-YSZ anode With a Ag anode 
at 500 'C at 500 *C 
Ar(12ml/min)+NH3(ml/min) OCV(V) Ar(12ml/min)+NI13(ml/min) OCV(V) 
lo'l 1,128 10 1,036 
26,4 1,14 26,2 1,078 
44,2 1,151 44,3 1,093 
at 600 IC at 600 *C 
Ar(12ml/min)+NH3(ml/min) OCV(V) Ar(12ml/min)+NI13(rnVmin) OCV (V) ýV) 
8 1,17 8,2 I. OS6 
28,2 1,183 28,1 1,102 
44,1 1,19 44,3 1,103 
at 700 IC at 700 *C 
Ar(12ml/min)+NH3(ml/min) OCV(V) Ar(12ml/min)+NI13(ml/min) OCV (V) 
8,2 1,179 8,1 1.037 
34,2 1,222 34,1 1,099 
- 46 1,231 46,3 1,111 
1 
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Appendix C: 
Proton Conducting Fuel Cell 
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Figure 1: I-V curve for the different Nd doped pellets at 6000C 
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Appendix D: 
Ammonia Synthesis 
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D2. SEM photographs 
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Figure 5: Cross section of SrCeo. s(; do.,,; Pro. Or, ()3-. 
